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A h i g h  t e m p e r a t u r e  solar  B r a y t o n  p o w e r  , s y s t e m  W d S  

d e s i g n e d  frlr a c r l n t i n u t x s  o u t p u t  o f  ?(I KWe i n  low e a r t h  

o r b i t .  T h e  e n e r g y  is s t o r e d  i n  t h e  h e a t  of f u s i o n  of s i l i c m .  

T h e  s y s t e m  w a s  o p t i m i z e d  f o r  minimum s p e c i f i c  mass. H i g h  

t s c h n G l o g y  materials are u s e d  t o  l i g h t e n  s t ructural  e l e m e n t s  

w h e r e  a p p l i c a b l e .  W i t h l x t t  g i m b a l l i n g  to d e c o u p l e  t h e  pa,wer 

s z c t i o n  frmn a sgace p l a t f o r m ,  t h e  s y s t e m  o p t i m i z e s  a t  28.5 

C::G/KWe 4;ii th a c y c l e  e f f i c i e n c y  o f  25 %. T h i s  r e p r e s e n t . ;  a 3.5 

t i  ~FIC-S redi-i.cti o n  i n  I T I ~ S S  as compat-ed t o  e q u i  \/a1 e n t  p o w e r  scjl a r  

cell/ b a t t e r y  c o m b i n s . t i o n s  w i t h  a t h r e e f o l d  i n c r e a s e  i n  

sy.c,tem e f  f i c i ency . 

i 



ACKNOWLEDGEMENTS 

T h i s  w o r k  w a s  made p o s s i b l e  by a NASA g r a n t ,  
NAGW-2 1. 

My s i n c e r e  a p p r e c i a t i o n  goes t o  Professor Manuel 
Martinez-Sanchez f o r  a l l  h i s  he lp .  Thanks are also due 
t o  Professor Reng M i l l e r  and t h o s e  of t h e  Space Systems 
Labora tory  w h o  a s s i s t e d  i n  the  product ion  of t h i s  r e p o r t .  

ii 



Table of c o n t e n t s  

Page 
A b s t r a c t  . . . . . . . . . . . . . . . . . . . . . . . .  i 
Acknowledgements . . . . . . . . . . . . . . . . . . . .  ii 
Table  of c o n t e n t s  . . . . . . . . . . . . . . . . . . .  iii 
L i s t  of f i g u r e s  . . . . . . . . . . . . . . . . . . . .  i v  
L i s t  of t a b l e s  . . . . . . . . . . . . . . . . . . . . .  v i  

Chapter  1 . INTRODUCTION . . . . . . . . . . . . . . . .  1 

Chapter  2 . REGENERATIVE BRAYTON CYCLE ANALYSIS . . . .  9 

2.2 Working f l u i d  molecular  weight  . . . .  1 9  

Cnapter  3 . COLLECTOR PERF'ORMANCZ . . . . . . . . . . .  2 2  

3.3 Procjram r e s u l t s  . . . . . . . . . . . .  4 2  

3 .1  C o l l e c t o r  c o n f i g u r a t i o n  . . . . . . . .  2 2  
3.2 The e f f e c t  of imper fec t ions  . . . . . .  27 

Cha2ter  4 . TURBOIIIACEINEXY DESIGN . . . . . . . . . . .  61 
4 . 1  General  c o n s i d e r a t i o n s  . . . . . . . .  6 1  
4 . 2  Turbine des ign  . . . . . . . . . . . .  63 
4.3 Compressor des ign  . . . . . . . . . . .  6 9  

Chapter  5 . WASTE HEAT RADIATORS . . . . . . . . . . . .  7 4  

5 .1  P e r s p e c t i v e  . . . . . . . . . . . . . .  7 4  
5 . 2  Design c o n s i d e r a t i o n s  . . . . . . . . .  7 6  
5.3 Radia tor  modeling . . . . . . . . . . .  8 0  
5.4 Optimizat ion d e t a i l  . . . . . . . . . .  86 

Chapter  6 . RESULTS . . . . . . . . . . . . . . . . . .  93 

6 . 1  Pa rame t r i c  s t u d i e s  . . . . . . . . . .  96  

Chapter  7 . CONCLUSIONS AND RECOFLMENDATIOKS . . . . . .  1 0 7  

Appendices 

A . P a r t i a l  d e r i v a t i v e s  f o r  a g r a d i e n t  . . 111 
B . C y c l e  op t imiza t ion  program . . . . . .  1 1 6  

s e a r c h  (for t h e  r a d i a t o r  d e s i g n )  

C . C o l l e c t o r  des ign  program . . . . . . .  1 2 0  
D . Radia to r  design program . . . . . . . .  1 2 7  

iii 



L i s t  o f  F igu res .  

- ~ i g u r e  no. 

1. ~n E a r l y  v e r s i o n  of  t h e  Space Opera t ions  
Cen te r  w i t h  2 S o l a r  Brayton Power Modules 

2 Exploded view of a Brayton Receiver  

3 

10 

11 

12a 

12b 

13 

14 

15 

Receiver  sec t ion  showing h e a t  s t o r a g e  
t u b e  d e t a i l  

Brayton Cycle Schematic and t empera tu re  
e n t r o p y  diagram 

Heats  o f  f u s i o n  vs .  m e l t i n g  t empera tu re  
f o r  v a r i o u s  subs t ances  

E f f e c t s  o f  working f l u i d  molecular  weight  
on r e l a t i v e  h e a t  exchanger  s u r f a c e  area 
and the rma l  c o n d u c t i v i t y  

Two Solay  Brayton Power System C o n f i g u r a t i o n s  

The m i r r o r  and a s s o c i a t e d  o p t i c s  

Image s u p e r p o s i t i o n  i n  t h e  f o c a l  p l a n e  
f o r  p e r f e c t  and i m p e r f e c t  mir rors  

Var ious  a p e r t u r e  and e l emen ta l  sun image 
geomet r i e s  

Misa l igned  a p e r t u r e  geoinetr ies  i n  t h e  f o c a l  
p l a n e  

C o l l e c t i o n  e f f i c i e n c y  vs .  mir ror  s u r f a c e  
q u a l i t y  f o r  0 "  and 15" misal ignment  (wi th  
t h e  sun)  for 4 5 ,  55 and 65' m i r r o r  r i m  
a n g l e s  

Energy and c o l l e c t i o n  e f f i c i e n c y  as  a 
f u n c t i o n  of r e c e i v e r  a p e r t u r e  r a d i u s  

Cutaway o f  a Brayton R o t  a t  i n g  Uni t  

Ns-Ds diagram f o r  v a r i o u s  

Dimensions of t u r b i n e  and compression 
impe 1 l e  r s 

3 

4 

5 

10 

15 

2 0  

2 4  

2 8  

32  

3 4 , 3 5  

39 

4 3  

45 

62 

64 

70 

i v  



List of Figures (cont'd) 

Figure no. 

16a 

16b 

17 

18 

19 

20 

21 

2 2  

2 3  

24 

25 

Freezing point' of NaK vs. composition 

Micrometeorite puncture rate vs. skin 
thickness 

3/4  view of Brayton Spa'ce Power System 
showing manifolding detail 

Radiator panel section and detail 

Radiator geometric sensitivity to the 
number of stacked radiator panels 

Specific mass and system efficiency 
sensitivities to reflector and regenerator 
scaling constants 

Specific mass and system efficiency 
sensitivities to compressor and turbine 
efficiency perturbances 

Specific mass and system efficiency 
sensitivies to alternator and storage 
efficiency perturbations - -  

Regenerator and waste heat exchanger 
effectiveness perturbations 

Specific nass and system efficiency 
sensitivities to technology level 

Component specific mass breakdowns vs. 
technology level 

77  

77  

7 8  

8 2  

9 2  

101 

1 0 2  

103 

104 

105 

106 

V 



List of Tables Page 

1. Energy efficiency and collection efficiency for 46 
a 12m, 30° rim angle and 1 mrad standard deviation 
mirror. o misorientation 

2. Energy efficiency and collection efficiency for 4 7  
a 12m, 45O rim angle and 1 mrad standard deviation 
mirror. 0 misorientation 

3 .  Energy efficiency and collection efficiency for 48 
a 12m, 55O rim angle and 1 m a d  standard deviation 
mirror. 0 misorientation 

4. Energy efficiency and collection efficiency for 4 9  
a 12m, 65O rim angle and 1 mrad standard deviation 
mirror. 0 misorientation 

5. Energy efficiency and collection efficiency for 5 0  
a 12m, 45O rim angle and 2 mrad standard deviation 
mirror. o misorientation 

6. Energy efficiency and collection efficiency for 5 1  
a 12m, 55O rim angle and 2 mrad standard deviation 
mirror. 0 misorientation 

7. Energy efficiency and collection efficiency for 52 
a 12m, 65O rim angle and 2 mrad standard deviation 
mirror. 0 misorientation 

8.  Energy efficiency and collection efficiency for 5 3  
a 12m, 45O rim angle and 0 mrad standard deviation 
mirror. 0 misorientation 

9. Energy efficiency and collection efficiency for 54 
a 12m, 45O rim angle and 1 mrad standard deviation 
mirror. 15"  misorientation. 

10. Energy efficiency and collection efficiency for 5 5  
a 12m, 55O rim angle and 1 mrad standard deviation 
mirror. 1 5 "  misorientation 

11. Energy efficiency and collection efficiency for 56  
a 12m, 65O rim angle and 1 mrad standard deviation 
mirror. 15" misorientation 

12. Energy efficiency and collection efficiency for 57  
a 12m, 45' rim angle and 2 mrad standard deviation 
mirror. 1 5 "  misorientation error. 

vi 



List of Tables - (cont.) Page 

13. Energy efficiency and collection efficiency for 58 
a 12m, 55O rim angle and 2 mrad standard deviation 
mirror. 15" misorientation error. 

14. Energy efficiency and collection efficiency for 59 
a 12m, 6 5 O  rim angle and 2 mrad standard deviation 
mirror. 15" misorientation error. 

15. Energy efficiency and collection efficiency for 6 0  
a 12m, 45O rim angle and 0 mrad standard deviation 
mirror. 

16. Turbine performance vs. working third molecular 6 7  
weight 

17. Properties of liquid 9otassium and liquid NaK at 9 1  
533OK 

18. Sample output from cycle optimization 94 

vii 



- 1. -- 

I n  t h e  n e x t  t e n  t o  f i - i t e e n  years NASA p l a n s  t o  l a f t  a 

.;pace p l a t + o r m  i n t o  l o w  e a r t h  o r b i t ,  a t y p e  a+ m o d c r l w  r - p a c e  . 
s t a t i  o n  ~ a s i  1 y c o n f  i g u r a b l  e t c ~  a c c o m m o d a t e  a1 most a n y  m i  5s.i un  

r e q u i r e m e n t .  W i t h  such vei-sati  1 i t y ,  a s c h e d u l e d  p o w e r  demand 

c?f 90 k::1Je ( c o n t i n u o u s )  seems r e a s o n a b l e .  The varioi.rs 1 3 p t i n n s  

are n u c l e a r  t h e r m i o n i c ,  n u c l e a r  d y n a m i c ,  so l a r  e ler t r - ic  a n d  

solar  t h e r m a l .  I n  t h e  . f i r s t  a n a l y s i s ,  t h e  nluc1ea.r s y - s t e m s  

offer t r e m e n d o u s  m i s s i o n  f l e x i b i l i t y .  A l m o s t  any p o w e r  l e v e l  

can be accommodated, i n  a f a i r l y  ctmpact  s i z e .  T h e  a d v a n t a g e  

o f  c o m p a c t n e s s  s h o u l d  n a t  be o v e r l o o k e d ,  because a n y  u b j e c t  

i n  l o w  e a r t h  o r b i t  s u f . f e r s  f r o m  o r b i t  d e c a y  due  to 

a t m o z . p h e r i c  d r a g .  T h e  amoun t  of f v e l  u s e d  d u r i n g  a m i s s i o n  

l ifetime w i l l  b e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  F r o j e c t e d  area 

o.f t h e  s a t e l l i t e .  T h e  s m a l l e r  t h e  s a t e l l i t e , -  t h e  less k h e  

r e s u p p l y  costs b e c o m e .  U n f o r t u n a t e l y ,  a n y  a d v a n t a g e  g a i n e d  

h e r e  i s  o v e r s h a d o w e d  b y  .the c h a r a c t e r i s t i c  l a r g e  m a 5 5  a 

s i z a b l e  f r a c t i o n  of w h i c h  is t he  s h i e l d i n g  n e c e s s a r y  t o  man 

r a t e  t h e  s y s t e m .  V a r i o u s  d e s i g n s  h a v e  a t t e m p t e d  to redl-!ce 

. t h i s  s h i e l d i n g  i n a s s  by e m p l o y i n g  p a r t i a l  s h i e l d s ,  w h i c h  

i m p o s e  o p e r a t i n g  c o n s t r a i n t s  o n  a n y  areas o u t s i d e  t h e  

p r o t e c t e d  z o n e s , .  A l t h o u g h  t h i s  c o u l d  b e  made  t o  work, t h e r e  

is d o u b t  t h a t  s u c h  a ~ ,ys . t e rn  w o u l d  e v e r  he man r a t ed  f o r  a 

manned p l a t f o r m ,  w h e r e  c o n s i d e r a b l e  extra v e h i c u l a r  a c t i v i t y  

i 5  e x p e c t e d .  

One  o t h e r  o p t i o n  is; a so la r  c e l l  / b a t t e r y  c o m b i n a t i o n ,  

t h e  l a t t e r  n e c e s s a r y  f o r  o p e r a t i a n  d u r i n g  e a r t h  s h a d o w .  

1 



N i t h i n  t h i s  p o w e r  groi-!ping,  t h e r e  are d i f f e r e n t  t e c h n o i o g i e s  

a v a i l a b l e  f a r  b o t h  t!-!e s o l a r  c e l l s  a n d  t h e  s t o r a g e  medium. 

U n .f o r t 1-1 n a t  e 1 y , s u c h  s y s t e m s .  .sut:.f er f rom 1 c7w e f  f i c i  e n c y  

< t y p i c a l l y  8 t o  10 p e r r e n t )  a n d  t h e r e - f o r e  p r r s e n t  l a r q e  areas  

f o r  a n y  p o w e r  level. Drag  makeup  is t h e n  a p r o b l e m  . I n  

a d d i t i o n ,  solar  c e l l s  are  l i m i t e d  i n  l i f e  t o  5 or 7 y e a r s  

f r o m  e l e c t r o n  a n d  h i g h  e n e r g y  p r u t o n  dammage,  c m a v o i d a b l e  

r ^ o n s e q u e n c e s  o f  e i t h e r  p o l a r  or h i g h  a l t i t z d e  o r b i t s .  

Fi1thr;ugh t h e  ' 5w-i p o i n t i n g  r e q u i r e m e n t  is ncj t  severe? the 

a t t i t u d e  c o n t r o l  o f  l a r g e  a r r a y s  is c o m p l i c a t e d  b y  t h e i r  

h i g h  m o m s n t s  uf i n e r t i a  a n d  b y  t h e i r  l a c k  o f  r i g i d i t y .  

!-lowever t h e s e  s y s t e m s  h a v e  1 o g g e d  more f l  i g h t  hai-trs t h a n  any 

o t h e r  a n d  have t h e  a d v a n t a g e  o f  a ve ry  l o w  t e c h n o l o g i c a l  

risk::. T h e i r  i d e a l  s p p l i c a t i o n  seems t o  l i e  w i t h  l o w  p o w e r  

s y s t e m s  t h a t  o p e r a t e  i n  b e n i g n  e n v i r o n m e n t s .  

Solar  t h e r m a l  s y s t e m s  seem t o  o + f e r  a n  i d e a l  s o l u t i m ~  f a r  

the p r o j e c t e d  p o ~ ~ r  l e v e l s  o f  a s p a r e  p l a t f o r m .  I n  t h e  + i i -S t  

a n a l y s i s ,  t h e y  o f f e r  a t  l e a s t  a 3.5 t i m e s  d e c r e a s e  i n  sy r5 t rm 

m a s s  as c o m p a r e d  t o  a n  e q u i v a l e n t  s o l a r  e l e c t r i c  s y s t e m ,  w i t h  

a t h r e e f o l d  i n c r e a s e  i n  s y s t e m  e f f i c i e n c y .  T h i s  e f q i c i e n c y  

t r a n s l a t e s  d i r e c t l y  t o  t h r e e f o l d  d e c r e a s e  i n  p r o j e c t e d  area 

f o r  t h e  s a m e  power output .  W i t h i n  t h e  c a t e g o r y  o f  so l a r  

t h e r m a l  s y s t e m s ,  t h e  c h o i c e  of a s p e c i f i c  t h e r m o d y n a m i c  c y c l e  

( B r a y t o n ,  R a n k i n e  or S t e r l i n g )  w i l l  a f f e c t  t h e  p e r f o r m a n c e  

and s p e c i f i c  m a s s  (KG/b::We) o f  t h e  p o w e r  : s y s t e m .  O f  t h o s e  

m e n t i o n e d ,  t h e  a u t h o r  chose t o  i n v e s t i g a t e  i n  zome d e t a i l  

B r a y t o n  c y c l e ,  a.s i t  r e s p o n d e d  m o s t  f a v o r a b l y  

t e c h n o l o g i c a l  i m p r o v e m e n t s  w i t h  t h e  l e a s t  a m o u n t  

t h e 

.t. 0 

O f  
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F I G U R E  2 .  E X P L O D E D  V I E W  OF A B R A Y T O N  R E C E I V E R  [ I ]  
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un  c er t a i n t y . 
T h e  d e s i g n  g o a l  o f  a n y  o f  t h e s e  p o w e r  s y s t e m s  i z  t o  m r l e t  

t h e  r e q u i r e m e n t s  w i t h  a minimum o f  c o s t .  S i n c e  a l l  r;f t h e s e  

s y s t e m s  w o u l d  h a v e  t o  b e  b o o s t e d  i n t o  l o w  e a r t h  o r b i t ,  rnass 

b s c o m e s  t h e  c r i t i c a l  v a r i a b l e .  T h e r e f o r e  t h i s  s t u d y  o p t i m i z e d  

a p a r t i c u l a r  E r a y t o n  c y c l e  f o r  ma;.:irnum p a w e r  a - td  minimum 

m a s s .  T h e  r e s u l t a n t  is n o t  w h a t  o n e  c o u l d  a c h i e v e  o n  e a r t h  

14 h er e ma:.: i iriuin e f f i c i e n  cy p r o b  a b  1 y w OLI 1 d b e mor e ap p r op r i a t  e. 

F i g u r e  1 is  a n  i l l u s t r a t i o n  t a k e n  f r o m  a M f i f i r l :  s t u d y  

CO51 o f  a s p a c e  p o w e r  system. T w o  r e d ! m d a n t  p o w e r  u n i t s  are 

c o n n e c t e d  v i a  a g i m b a l  t o  t h e  rest  of . t h e  s t r u c t u r e .  E a c h  

u n i t  is c o m p r i s . e d  o f  a c o l l e c t o r ,  a r e c e i v e r ,  a r o t a t i n g  

g r o u p  of m a c h i n e r y ,  h e a t  e x c h a n g e r s  a n d  wa.ste h e a . t  

r a d i a t o r s .  The receiver,  h e a t  e x c h a n g e r - ,  a n d  t h e  r a t s t i n g  

g r o u p  a l l  are  c o n t a i n e d  i n  t h e  c y l i n d e r  a t  t h e - p r i m e  f o c u s  o f  

t h e  co l l ec to r .  The r o t a t i n g  g r o u p  c o n s i s t s  o f  a s i n g l e  s t q e  

c ! = n t r i f u g a l  c o m p r e s s o r ,  a s i n g l e  p o l e  p a i r  a l t e r n a t o r  a n d  a 

s i n g l e  s t a g e  c e n t r i f u g a l  t u r b i n e ,  a l l  m o u n t e d  o n  a common 

s h a f t .  T h e  w o r k i n g  f l u i d  i n  t h e  c y c l e  i =  a m i x t u r e  o f  h e l i u m  

a n d  x e n o n ,  w h i c h  are n o b l e  gasses? c o m b i n e d  t o  a c h i e v e  a 

m o l e c u l a r  w e i g h t  of  40 g / male. ‘The m i x t u r e  is  i n e r t  t o  

e l i m i n a t e  a n y  p o t e n t i a l  o x i d a t i o n  p r o b l e m s .  

An e x p l o d e d  v i e w  o f  t h e  r e c e i v e r  is d e p i c t e d  i n  + ig l - r re  

2, i l l u ~ , t r a t i n g  t h e  a r r a n g e m e n t  o f  t u b e s  t h r o u g h  w h i c h  t h e  

w a r k i n g  f l u i d  c i r cu la t e s .  F i g u r e  3 s h o w s  o n e  of t h e s e  t u b e s  

i n  a l i t t l e  more d e t a i l ,  j a c k e t e d  b y  a q u a n t i t y  0.f l i t h i u m  

f l o u r i d e  c o n t a i n e d  b y  a n o t h e r  t u b e .  T h e  L i F  serves a5 a h e a t  

6 



s t o r a g e  medium d u r i n g  o r b i t a l  s h a d o w  p e r i o d s .  As t h e  

r = a t @ l l i t e  -. e n t w - s  t h e  e a r t h  s h a d o w ,  a l l  o f  t h e  L i F  t s  m o l t e n .  

D u r i n g  t h e  t r a n s i t  t i m e ,  t h i s  L i F  g r a d u a l l y  + r e e z s s ,  

r e l e a s i n g  t h e  e n e r g y  c o n t a i n e d  i n  t h e  l a t e n t  h e a t  of f u s i o n  

<10441 kJ/C::g a t  1121 K ) .  k t  s h a d o w  e x i t ,  a l l  o+ t h e  L i F  i s  

+ r r j z e n ,  a n d  s l o w l y  starts t o  m e l t  a5 s u n l i g h t  e n t e r s  t h e  

c a v i t y .  F i g u r e  5 p l o t s  t h e  h e a t s  of f u s i o n  v s .  m e l t i n g  

t e m p e r a t u r e s  of o t h e r  p o s s i b l  e s t o r a g e  mediimzi .  

T h e  .= , a ! i en t  d e s i q n  f e a t u r e  crf t h i s  s y s t e m  is ' t h e  l a r g e  

t e m p e r a t u r e  d i f f e r e n c e  a v a i l a b l e  across t h e  cycle. T h i s  hac, 

beRn made  p o s s i b l e  1 argely b y  t h e  d e v e l o p m e n t  of a d v a n c e d  

materials.  C a r b o n / c a r b o n  c o m p o s i t e  t ~ t r b i n ~ s  h a v e  b e e n  b u i l t  

a n d  tested t o  22OC) G a n d  720 m / s  r i m  s p s e d s  C121. S i l i c o n  

c a r b i d e ,  w h i c h  m e l t s  a t  31i:)O K C061 c a n  e a s i l y  s e r v e  as a 

h i g h  t e m p e r a t u r e  s t r u c t u r e .  A d d i t i o n a l l y ,  i t  is c o n s i d e r a b l y  

less d e n s e  t h a n  t h e  r e f r a c t o r y  m e t a l s  i t  r e p l a c e s ,  s a v i n g  
I 

l l l C 7 1 = .  ,- -. c c Materials c o m p a t i b i l i t y  c o n s t r a i n t s  i n  t h e  r a d i a t o r s  

f o r c e  t h e  minimum c y c l e  o p e r a t i n g  t e m p e r a t u r e  t o  350 K. 'The 

e S + e c t i v e  t e m p e r a t u r e  of t h e  r a d i a t o r  is 470 I.::, w h i c h  resiult5 

i n  a small area (59 m j .  I t  i s  c o n s t r u c t e d  o f  molybdenum a n d  

c i rcu la tes  a - c o o l a n t  m i x t u r e  of p o t a s ; s i t m  a n d  s o d i u m .  

T h e  n e x t  c h a p t e r  mOde15 t h e  t h e r m o d y n a m i c s  o f  a 

r e g e n e r a t e d  E r a y t o n  c y c l e .  T h e s e  m a t h e m a t i c a l  mode1 s are  

c o d e d  i n t o  a p r o g r a m  t h a t  o p t i m i z e s  v a r i o u s  p a r a m e t e r s  t o  

m i n i m i z e  t he  s y s t e m  s p e c i f i c  p o w e r .  

T h e  s u b s e q u e n t  c h a p t e r s  take a c lose r  look a t  , t h e  

c n l l e c t i o n  s y s t e m  p e r f o r m a n c e ,  t h e  t u r b o m a c h i n e r y  a n d  t h e  

r a d i a t o r  d e s i g n .  'The r a d i a t o r  d e s i g n  i t s e l f  is a c o m p l i c a t e d  

7 



ngtimization that +inds a particvlar caniiguration that 

minimizes its contribution to system mass. 

The l a s t  chapters present t h e  results of this s t u d y ,  

alonq with a sensitivi ty analysis o f  t h e  assi-Lmed camporient 

I 

efficiencies and scaling constants. Finally, some canclusiuns 

a r e  drawn and recommendations made b a s e d  on the research o.f 

this topic. 
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T h e  g o a l  h e r e  i s  .to q u a n t i f y  p r i m a r y  c y c l e  p e r + o r m a n c e  i n  

t e r m s  of two b a s i c  v a r i a b l e s .  T h e  f i r s t  is t h e  r a t i o  (If 

maximum t o  minimum c y c l e  t e m p e r a t u r e ,  e% j t h e  s e c c m d  is t h e  

c o m p r e s s o r  p r e s s u r e  r a t i o ,  fc . T h e s e  p r i m a r y  v a r i a b l e s  w i l l  

be t r a d e d  a g a i n s t  e a c h  o t h e r  to f i n d  a s y s t e m  c o n f i g u r a t i o n  

t h a t  w i l l  maximize t h e  power  o u t p u t  f o r  a g i v e n  m a s s .  T h e  

d e s i g n  e l e c t r i c a l  p o w e r  is  ' X I  Kw.  O t h e r  s e c o n d a r y  v a r i a b l e s  

. such  as c o m p r e ~ s o r  e f f  i c i e n c y  r/L , t u r b i n e  e f f i c i e n c y  qr , 

r z g e n e r a t a r  a n d  h e a t  e x c h a n g e r  e + + e c t i v e n e s s  6, ? E z  a n d  

s y s t e m  p r e s s u r e  d r o p s  / I s  w i l l  t h e n  b e  v a r i e d  w i t h i n  re.3- 

s o n a b l e  b a u n d s  f o r  a s e n s i t i v i t y  a n a l y s i s .  T h e  i n i t i a l  mass 

e s t i m a , b e s  are t a k e n  f r o m  a MDAC r E p o r t  C051. 

.C 

T h e  q u a n t i t y  t h a t  is  m i n i m i z e d  is  the sum crf a l l  0.f t h e  

i n d i v i d u a l  c o n t r i b u t i o n s  t o  t h e  s y s t e m  m a s s :  collectrir ,  h e a t  

c, t o r -  ag e, r e g e n e r a t  i o n  a n d  r a d i a t o r  massjes. T h e  

t u r b o m a c h i n e r y  i t s e l f  w a s  c o n s i d e r e d  n e g l i g i b l e  i n  t h e  f i r s t  

a n a l y s i s .  T h e r e f o r e ,  

G l l  o f  t h e s e  terms are  f u n c t i o n s  o f  c y c l e  e f S i c i e n c y ,  so 

t h a t  w i  11 b e  d e r  i v e d  f i rst . C o n s i d e r  t h e  s c h e m a t i c  a n d  T-S 

d i a g r a m s  i l l u s t r a t e d  i n  f i g u r e  4. 

b k  can s t a r t  b y  def i n i n q  t h e  c o m p r e s s o r  t e m p e r a t u r e  

r a t i o ,  2,. ( T l / T O )  a n d  t he  t u r b i n e  t e m p e r a t u r e  r a t i o .  zt 
(T4/Tm) i n  t e r m s  o f  t h e  c o m p r e s s o r  p r e . ; s u r e  r a t i o ,  n a m e l y  

3 



h 
0 er 
t z 
W 

a 
0 
I- < a 
W 
& 
3 
0 
W 
U 

-4 
F 

10 
0 In 
M 



c 

w h e r e  is t h e  r a t i o  oi. s p e c i f i c  h e a t s  i5/3! ai. t h e  

wor1::ing f l u i d .  T h e  t h e r m a l  e f f i c i e n c y  is d e f i n e d  .sts t h e  p a w e r  

=...I - , . t r a c t e d  over t h e  a m o u n t  o f  h e a t  i n p u t t e d .  T h e  e x t r a c t e d  

p o w e r  is t h e  f r a c t i o n  o f  t h e  t u r b i n e  p o w e r  t h a t  t h e  

C Q m j j r E s s o r  d o e s  n o t  uze. T h e  h e a t  i r r p u t  i<= . t h e  p o w e r  a d d e d  t o  

the w o r k i n g  i . l u i d  t o  take  i t  f r o m  T i  ta Tm. F o r  l a w  p r e s s u r e  

r a t i o  r y c l e e , ,  t h e  t u r b i n e  exit  t e m p e r a t u r e  is  c o n s i d e r a b l y  

h i g h e r  - t h a n  t h e  cornpre.;sar d i s c h a r g e  . t e n p e r a t i - ! r e .  T h e  

r e g e n e r a t a r  takes t h a t  t e m p e r a t u r e  d i f f e r e n t i a l  a n d  t r a n s f e r s  

i t  to t h e  comprer , soI :  a r t p u t  r ; t r e a m ,  t h e r e b y  r e d u c i n g  t h e  

n s c e s s a r y  heat i n p u . t  t o  a c c o m p l i s h  t h e  same w o r k .  T h e  cycle 

t h e n  b e c o m e s  more e . f f  i c i e n t .  A s  . t h e  c y c l e  p r e s s i - i r e  r a t i o  

i n c i - - e a s e s ,  t h e  b e n e f i t  of r e ~ j e r ~ e r a t i u n  d i m i n i s h e s ,  a n d  c a n  

u l t i m a t e l y  b e c o m e  a d e t r i m e n t  !Tl;:.T4) . 
U n f u r t u n a t e l y ,  t h i s  t r a n z f e r  u-f h e a t  is n o t  i d e a l ,  a n d  i s  

l i m i t e d  by t h e  h e a t  e x c h a n g e r  e f f e c t i v e n e s s .  I t  i s  d e f i n e d  as 

t h e  actcra.1 t e m p e r a t u r e  d i f  f E r E n c e  over t h e  a v a i  1 a b l e  

t e m p e r a t u r e  d i f f e r e n c e .  T h e  r e g e n e r a t o r  a n d  waste h e a t  

e x c h a n g e r  e f  f e c t i v e n e s s e s  become 

T 2  - T i  
c , =  ------- 

T 4  - T I  

T 8  - T 7  

'T5 - T 7  
6 2  = ------- 

T h e  s h a f t  p o w e r  b e c o m e s  
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T h e  e lectr ical  p o w e r  is s i m p l y  t h e  t h e  s h a f t  p o w e r  t i m e s  t h e  

a l t e r n a t o r  e f f i c i e n c y .  A s  m e n t i o n e d  b e f o r e ,  t h e r m a l  

e f i i c i e n c y  is  t h e  r a t i o  a f  t h e  pr3wc2r e x t r a c t e d  o v e r  t h e  

s.Kiol-!nt o f  h e a t  a d d e d .  Hawever, t h e  h e a t  t h a t  t h e  c y c l e  SEES 

h a s  G e m  c o l l e c t e d  b y  the mirror a n d  transferred trj t h e  

working  f l u i d  t h r a t r g h  t h e  heat s t o r a g e  medium. T h e r e f o r e  the  

c y c l e  s f f i c i e r i c y  b e c o m e s  

. -  

T h e n  f r o m  t h e  d e f i n i t i o n  o f  r e g e n e r a t o r  e f f e c t i v e n e s s ,  

T 2  

T C., 
-- = %& + E ,  ( kk - CC 

I 

Find t h e  c y c l e  e f f i c i e n c y  b e c o m e s  

I t  is u s e f u l  a t  t h i s  p o i n t  t o  i n t r o d u c e  a s c a l i n g  

w h i c h  r e p r e s e n t s  t h e  mass p e r  u n i t  area o f  t h a t  v ar i a b  1 e /1c 

12 
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p a r t i c u l a r  c o m p o n e n t .  F r o c e e d i n g  w i t h  t he  irol l e c t i o n  s y s t e m  

Dne c a n  see t h a t  t h e  area r e q u i r e d  t o  d e l i v e r  a c e r t a i n  p a w e r  

is t h e  r a t i o  o f  e l e c t r i c a l  p o w e r  over t h e  p r n d u c t  ~ 7 f  the 

c y c l e  e f f i c i e n c y  a n d  t h e  s o l a r  c o n s t a n t  <Si  a t  iAU. 

Pe 

However, s i n c e  t h e r e  is  a he3 . t  s t o r a g e  mecliu.m, t h e  

co l l ec to r  h a s  t o  b e  o v e r s i z e d  so t h a t  d u r i n g  i n s o l a t i o n ,  i t  

is p r o v i d i n g  enough h e a t  t o  d r i v e  t h e  cycle a n d  l i q u i i y  t h e  

h ea t  ‘3 t or  ay e sci b 5 t a n  c e. The h e a t  is s t o r e d  i n  t h e  

s u t s t a n c e s ’  l a t e n t  h e a t  o f  f u s i o n .  T h e r e f o r e  t h e  col lect i j r  

is o v e r s i z e d  b y  t h e  r a t i o  of t h e  s y s t e m s 7  t i m e  i n  s h a d o w  o v i . r  

t h e  p r o d u c t  o f  t h e  t i m e  i n  s t u n l i g h t  a n d  s t o r a g e  e f f i c i e n c y .  

Pe  

(3ne m i g h t  n o t e  t h a t  the  co l l ec to r  e f f i c i e n c y  is a. z t r o n g  

f u .nc . t i  o n  of t h e  s u r f  ace qual i t y  of t h e  mi rror . Unf o r t u n a t e l  y 

d u e  t o  i t s  l a r g e  s i z e  ( 24 m d i a  ) ,  i t  has t o  b e  c o n s t r u c t e d  

i n  s e g m e n t s  ( a k i n  t o  t h o s e  i n  a n  u m b r e l l a )  a n d  a s s e m b l e d  by  

EVA.  T h i 5  p r o c e s s  will h a v e  a n  unknown i m p a c t  o n  c o l l e c t i o n  

sy5tem p e r +  o r m a n c e .  C h a p t e r  3 model 5 t h e  r e f  1 ec to r  p h y s i c s  

a n d  d e t e r m i n e s  t h e  e f f e c t  o f  mirror s u r f a c e  c q u a l i . t y ,  mirror 

r i m  a n g l e ,  c a v i t y  t e m p e r a t u r e  a n d  a p e i - t u r e  s i r e  o n  co l l cc t i c rn  

13 



G f f i c i e n c y .  

t ' J s x t ,  w e  come to t h e  h e a t  s t o r a g e  medium. T h e  : l i t e r a t c t r e  

s u g g e s t s  t h a t  a t  n o  time will t h e  5 p a . c ~  p l a t f o r m  b e  e c l i p s e d  

, fa-  more t h a n  XI m i n u t e s  i n  LE@. A n v  h e a t  s to rage  medium 

will h a v e  t o  p r c w i d e  e n o u g h  p o w e r  d u r i n g  t h a . t  p e r i o d  t o  

T h e  medium 5 h o u l d  be s i z e d  .zo 

t h a t  a t  t h e  s t a r t  crf t h e  e c l i p s e  t h e  s u b s t a n c e  is c o m p l e t e l y  

l i q u i d ,  g r a d u a l l y  f r e e z i n g  a n d  r e l e a s i n g  h e a t  a t  i t s  i ~ e l t i t ~ ~  

p o i n t .  T h e  zsctbstance c h o s e n  n e e d s  t o  b e  c o m p a t i b l e  w i t h  i t s  

c o n t a i n m e n t  v e c ; s e l  <no c o r r o s i o n )  , n e e d s  a m e l t i n g  point .  

s l i g h t l y  h i g h e r  t h a n  t h e  maximum c y c l e  t E m p e r a t u r e  a n d  a h i g h  

h e a t  of f u s i o n .  

'1 i11~~t r -e  .- c s t e a d y  s tae  o p e r a t i o n .  

A p l o t  o f  t h e  viable c s n d i d a t ~ s  is s h o w n  i n  f i g u r e  5. iJf 

t h e c . e ,  s i l i c o n  seems b e s t  w i t h  a m e l t i n g  p o i n t  a t  16% K .and 

a h e a t  of f u s i o n  o f  1787 C::J/F::g. T h e n  t h e  m a s s  p e r  u n i t  power 

tl uc UITIE 5 

. -  

w h e r e  F s t o  is t h e  f r a c t i o n  o f  t h e  s t o r a g e  mass n e e d e d  t o  

c o n t a i n  i t .  T h i s  i n c l u d e s  t h e  t u b e  Structure, t h e  i n s u l a t i a n ,  

t h e  a p e r t u r e  a n d  c a v i t y  c o n t r o l  d e v i c e s  a n d  t h e  r - e c e i v e r  

walls. 1 - h i 5  c o n s t a n t  was c h o s e n  t o  b e  120 p e r c e n t  a.fter CWJI. 

T h e  n e x t  i t e m  o f  i n t e r e s t  is t h e  r e g e n e r a t o r  = . p e c i f I . c  

mass. I-f (I( ,-L3 i -zi t h e  r e g e n e r a t o r  scal  i n g  v a r i  a b l e  (I.:::G/I.::Wt :) 

t h e n  f r o m  t h e  T-S d i a g r a m  i n  f i g u r e  4 ,  o n e  c a n  see t h a t  t h e  

r e g e n e r a t o r  mass is 
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A l s o ,  +ram t h e  c y c l e  e f f i c i e n c y  c a l c u l a t i o n ,  t h e  

e l ec t r i ca l  p o w e r  c a n  b e  w r i t t e n  as 

Fe Tm 1 Zt 
I 

T h e n  t h e  mass p e r  u n i t  p o w e r  f o r  t h e  r e g e n e r a t o r  Secomi=.s 

T h e  l a s t  i t e m  t o  c o n s i d e r  is the r a d i a t o r ,  t h e  p w - p o s e  o f  

w h i c h '  is t o  d i s p o s e  cjf n o n u s a b l e  h s a t .  C a r e f u l  a t t e n t i o n  

n e e d s  t o  b e  p a i d  t o  t h e  d e s i g n ,  as t h e  b o t t o m  c y c l e  

t e m p e r a t u r e  is a v e r y  s t r o n g  d r i v e r  ijf t h e  p h y 5 i c a l  s i z e  a n d  

mass. For t h e  same u s e f u l  p o w e r  o u t p u t ,  t h e  h i g h e r  t h e  c y c l e  

t e m p e r a t u r e  i c s  p u s h e d ,  t h e  .smaller . t h e  r a d i a t o r  becGme5.  So 

.the s i z e  is set  b y  t h e  d i s s i p a t i o n  r e q u i r e m e n t ,  m a x i m u m  cycle 

t e m p e r a t u r e ,  c y c l e  e f f i c i e n c y  a n d  material c h o i c e .  

F o r  t h e  p u r p o s e s  of t h e  cycle o p t i m i z a t i o n ,  a s i m p l i . f i e d  

m o d e l  of a f i n  a n d  t u b e  d e s i g n  w i l l  b e  c o n s i d e r e d .  A l t h o u g h  

c h a p t e r  5 p r e s e n t ! ;  the m a t h e m a t i c a l  m o d e l s  t o  d e s i g n  t . h e  

r a d i a t o r ,  t h e  pragi-am t h a t  i n c o r p o r a t e d  t h e s e  m o d e l s  took .too 

l o n g  t o  e x e c u t e ,  a n d  prooved i m p r a c t i c a l  t o  USE? as a 

s u b r o u t i n e  i n  t h e  l a r g e r -  c y c l e  o p t i m i z a t i o n .  
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F o r  ~ I ~ E S E .  p u r p a s E s ,  o n l y  T'7 a n d  ' T 8  a re  fif i n t e r e s t .  

-r 
I hey a re  re1 a t E d  ta t h e  rnai n c y c l e  t e m p e r a t u r e s  thirscrgh t h e  

h e a t  e x c h a n g e r  e f  f e c t i v e n e s s E s ,  fi  a n d  f, . 

T h e s e ,  i n  t u r n  can be w r i t t e n  i n  terins o f  C::ni3wn c.ycle 

q u a n  t i t i e5 . 

An o r d e r  o f  m a g n i t u d e  s i z i n g  w o u l d  p r o c e e d  a5 ~ o l l o w s .  

C o n s i d e r  a n  i n c r e m e n t a l  r a d i a t o r  s e c t i o n ,  p ic t l - t t - '~d  b e l o w .  

An i n c r e m e n t a l  a m o u n t  of h e a t  c o n v e c t e d  o u t  of t h e  

w o r k i n g  f l u i d  is 

S i m i l a r l y ,  a n  i n c r e m e n t a l  a m o u n t  0.f h e a t  r a d i a t e d  away ( w i t h  

n o  b a c k g r o u n d  r a d i a t i o n )  is 
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E q u a t i n g  t h e  two a n d  i n t e g r a t i n g ,  me o b t a i n s  f o r  t h e  area o f  

t h e  r a d i a t o r  d i v i d e d  by t h e  p r o d u c t  o f  t h e  mass f l a w  and t h e  

cool a n t  s p e c i  f i c h e a t  

A r  1 1 

w h e r e  A r  is t h e  i d e a l  r a d i a t o r  area d i v i d e d  try t h e  f i n  

e f f i c i e n c y .  T h e  r a d i a t z d  p o w e r ?  Qr is 

8 1 -  ?fi 
Qr = m Cp I T i n  - T o u t  1 = Fe ( ----- 

17% . 
F i n a l l y , t h e  e x p r e s s i o n  f o r  r ad ia tor  s p e r i . f i c  m a s s  b e c o m e s  

' T h i s  last e x p r e s s i o n  is a g o o d  E s t i m a t e  a f  t h e  r a d i a t o r  

s p e c i f i c  mass. T h e  s c a l i n g  c o n s t a n t  was a d j u s t e d  t o  m a t c h  

t h o s e  results o b t a i n e d  i n  c h a p t e r  5 t o  p r e s e r v e  a c c u r a c y  I n  

t h e  o p t i m i z a t i o n .  T h e  m o d e l s  used i n  c h a p t e r  5 i n c l u d e d  t h e  

e f f e c t s  o f  a n  e a r t h  b a c k g r o u n d  r a d i a t i o n  t e m p e r a t u r e  o f  270 

d e g r e e s  t:::. 

fill o f  t h e  terms d e v e l o p e d  i n  t h e  p r e c e e d i n g  pages w e r e  

c o d e d  i n t o  t h e  p r o g r a m  l i s t e d  i n  . t h e  b a c k  pages o f  t h i s  

c h a p t e r .  The resul t5  f r o m  t h e  o p t i m i z a t i o n  are  d i s c u s s e d  i n  

18 



c h a p t e r  6. 

2 . 2  tlJorl.::iny F l u i d  Molecular W i g h t  

T h e  c h o i c e  of t h e  w o r k i n g  f l u i d  m o l E c u l a r  w e i g h t  is a g a i n  

made w i t h  . c o m p o n e n t  masses i n  m i n d .  T h e  most s e n s i t i v e  

p a r a m e t e r  is t h e  r e g e n e r a t o r  s u r f  a.ce area, w h e r e  w o r k i n g  

i l u i d  ta w o r k i n g  f l u i d  heat t r a n s f e r  is r e q u i r e d .  T h e  numt l r r  

a+ t u r b o m a c h i n e r y  s t a g e s  r e q u i r e d  f o r  a c e r t a i n  prEt-3sur= 

ratit1 is a l s o  a f u n c t i o n  of t h e  gas m o l e c u l a r  w e i g h t  w i t h  an 

a t t e n d a n t  i m p a c t  o n  t u r b o m a c h i n e r y  c o m p l e x i t y  a n d  mass. 

S i m i l a r l y  t h e  a e r o d y n a m i c  e f f i c i e n c i e s  o f  t h e  cc?mpre!c,sor a n d  

t u r b i n e  will b e  a f f e c t e d .  T h i s .  l a s t  c o n s i d e r - a t i o n  w i l l  i m p a c t  

the c y ~ l  e t h e r m a l  e f f  i c i  e n c y  a n d  the waste h e a t  1 sad. Wi tlii n 

the r a n g e  of r n i x t u r e 5 '  t o  c h n o s e  f r o m ,  iner t  gasses a.re  

FinployEd t o  e l i m i n a t e  a n y  p n t e n t i a l  c o n t a m i n a n t s  f r o m  t h e  

t u r b o m a c h i n e r y .  T h e  t u r b i n e  is made  o u t  of a carbon/carbcm 

c o m p o s i t e  'and m i g h t  b e  s e n s i t i v e  t o  h i g h  t e m p e r a t w e  

react  i onc,. 

I i e l i u r n  is a g o o d  c h o i c e  b e c a u s e  od its h i g h  t h e r m a l  

c o n d u c t i v i t y  w h i c h  is a d r i v e r  f o r  s m a l l  h e a t  e x c h a n g e r  

surface a r ras .  I t  u n f o r t u n a t e l y  also h a 5  a h i g h  s p e c i f i c  h e a t  

w h i c h ,  for a g i v e n  p r e s s u r e  r i se  (or d r o p '  i t e n d s  t o  p u s h  a 

d e s i g n  t o w a r d s  a n  i n c r e a s i n g  n u m b e r  o f  5 t a g e s .  T h i s  i s  t h e  

p r i m a r y  t r a d e - - o f f .  T h e  s o l u t i o n  tcj t h i s  p r o b l e m  is a m i x t u r e  

o f  H e  w i t h  smile  o t h e r  i n e r t  gas. Neon,  a i -qnn,  k r y p t o n  a n d  

xenon are  a l l  v i a b l e  p o s s i b i l i t i e s ,  b u t  o n l y  mixtures nf He 

a n d  X e  result i n  m i n i m a l  i n c r e a s e s  ( f r o m  p u r e  H e  1 i n  h e a t  

19 
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G A S  MOLECULAR WEIGHT 

GAS M O L E C U L A R  W E I G H T  

Figure  6 .  E f f e c t s  of working f l u i d  molecular  weight  
on r e l a t i v e  h e a t  exchanger a r e a  and gas 

thermal  c o n d u c t i v i t y  [ 7 ] 
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e : : c h a n y e r  a r e a ,  s i n c e  the thermal c o n d u c t i v i t y  i fo r  a g i v e n  

molecLr1a.r w e i g h t )  r e m a i n s  t h e  h i g h e s t  of a l l  crf t h e  mixes 

<see f i g u r e  & ) .  A 5  mentioned ear l ie r ,  p u . s h i n g  t h e  molecular 

w e i g h t  o.f t h e  m i x t u r e  w i l l  i n c r e a s e  t h e  a e r o d y n a m i c  b l a d e  

e S f i c i e n c i e 5  i n  a c o m p o n e n t .  T h i s  s t e m s  from a n  i n c r e a s e d  

vn lumetr - ic  f l o w ,  an i n c r e a s e  i n  b l a d e  h e i g h t ,  w h i c h  i n  t u r n  

reduces t h e  e n d w a l l  105.5e5 a n d  t h e r e b y  i n c r e a s e s  t h e  c , t a y p  

e3f i c i e n c y .  

21 



3.1 --- 

T h e  c o l l e c t o r  o f  t h i s  s y s t e m  m e a s u r e s  a p p r o x i m a t e l y  12 m 

i n  r a d i u s .  S i n c e  t h e  d r i v i n g  f a . c t o r  i n  m a k i n g  t h i s  s y s t e m  

c o m p e t i t i v e  is t h e  h i g h  p o w e r  t o  m a s s  r a t i o ,  d e p l o y a b l e  

c o n f i g u r a t i o n s  af t h e  mirror were n o t  c o n s i d e r e d .  T h e  

a c . t u . a t i n g  m e c h a n i s m s  w o u l d  b e  e l i m i n a t e d ,  m a k i n g  EVA a s s e m b l y  

m a n d a t o r y .  P r e f a b r i c a t e d  p e t a l s ,  rjr s e g m e n t s  of t h e  m i r r w  

w o u l d  b e  c a r e f u l l y  a s s e m b l e d ,  r e s u l t i n g  i n  a b e t t e r  q u a l i t y  

r e f l ec to r  t h a n  m i g h t  o t h e r w i s e  b e  p o s s i b l e .  S t i l l  . t h e  a u t h o r  

felt i t  was n e c e s s a r y  t o  s t u d y  t h e  e f f e c t s  o f  a n  i m p e r f e c t  

mirror, t o -  see . what i m p a c t  v a r i o u s  e r r ~ r ~ i  m i g h t  h a v e  o n  

c o l l e c t o r  p e r f o r m a n c e  or s y s t e m  w e i g h t .  I n  t h e  f i r s t  

a n a l y s i s ,  a n y  m i s o r i e n t a t i o n  more t h a n  h a l f  o f  t h e  s u n 7 5  

p r o j e c t e d  a n g l e  wacild r e n d e r  t h e  s y s t e m  c o m p l e t l y  u s e l e s s .  

F u r t u n a t e l  y ,  Kaykaty C 13,141 h a s  5pent s o m e  t i m e  

i n v e s t i g a t i n g  t h i s  p rc ib l em,  a n d  h a s  i d e n t i f i e d  4 i m p o r t a n t  

v a r i a b l e s  t o  o p t i m i z e  c o l l e c t o r  e f f i c i e n c y .  These a r e  

s u r + a c e  error,  mirror rim a n g l e ,  o r i e n t a t i o n  error a n d  

receiver c a v i t y  t e m p e r a t u r e .  His c a l c u l a t i o n s  w e r e  c o m p a r e d  

w i t h  a more a c c u r a t e  z i r n u l a t i u n  g i v e n  i n  refClSl a n d  t h e  

r e s u l t s  d i d  n o t  d i f + e r  b y  more t h a n  l.5X. U n f o r t u n e a t e l y ,  no 

compar- i  s o n s  were ava i  1 a b l e  w i t h  a c t u a l  h a r d w a r e .  'Tha t  

n o t w i t h ~ ~ t a n d i n g ,  h i s  meth(xl5 were d u p l i c a t e d ,  a l b e i t  w i t h  

some m o d i + i c a t i o n s .  

- -  

When c o n s i d e r i n g  a c o l l e c t o r  s y s t e m ,  two c o n f i g u r a t i o n s  
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+~~ir ie  i m m e d i a t z l y  t o  m i n d .  T h e  s i m p l e s t  1s t h e  s i n g l e  r e f l s c -  

t o r ,  f o c u s i n g  all o f  t h e  e n e r g y  3 t  t h e  f o c a l  p o i n t ,  w h i c h  

Would b e  t h e  receiver a p e r t u r e .  T h e  o t h e r  w o u l d  a l s o  c o n s i s t  

o f  a p a r a b o l i c  r e f l e c t o r ,  b u t  a u g m e n t e d  b y  a s e c o n d a r y  r e f l e -  

c t w ,  h y p e r b o l i c  i n  s h a p e ,  t o  b r i n y  t h e  f o c a l  p a i n t  b e h i n d  

t h e  p r i m a r y  mir ror .  (See f i g u r e  07). From t h e  s t r u c t u r a l  

d y n a m i c s  v i e w p o i n t ,  t h e  l a t t e r  is  b e s t :  a l l  l a r g e  masses 

( r c r ; c e i v e r ,  r a d i a t o r s  a n d  p r i m a r y  r e f  l e c to r )  are  c o n c e n t r a t e d  

i n  a s i n g l e  area. L o w  f r-?qi-rPnci/ v i  b r a t i  m-ls c a u s e d  by 

Shc!k.tl.es or O T V ' s  d o c k i n g  w i t h  t h e  s p a c e  s t a t i o n  would h a v e  a 

m i n i m a l  e f . f e c t  o n  o p t i c a l  a l i g n m e n t .  U n f n r t u n a t e l y ,  o p t i c a l  

q u a l i t y  will  b e  worse since t h e r e  are  t w o  r ~ f l e c t o r s .  and 

s e c o n d  s u r f a c e  l o n g e v i t y  would b e  a p r o b l e m .  T h i z  is due 

p r i m a r i l y  t o  some p r e t t y  s e v e r e  t e m p e r a t u r e  c y c l i n g  d u r i n g  aE 

w b i t a l  p e r i o d .  A l l  o f  t h e  p r i m a r y  i z .u r f ace 'S  cznergy is 

g e t t i n g  re+ l e c t e d  b y  t h e  s e c o n d  s u r f  ace, w h i c h  would  ab5m-b  

some o f  the e n e g y  a n d  r e a c h  a h i y h  e q u i l i b r i u m  t e m p e r a t u r e  

b e f o r e  c o o l i n g  o f f  i n  t h e  e a r t h  s h a d o w .  A d d i t i o n a l l y ,  i t  is 

u n c e r t a i n  w h e t h e r  t h e  b l  ocka39 d u e  t o  . t h e  r a d i a t o r s  and 

r e c e i v e r  w o u l d  be a n y  g r e a t e r  t h a n  t h a t  o f  t h e  s e c o n d a r y  

r e f  lector.  I n  l i g h t  of t h e s e  f a c t o r s  t h e  s i i n p l e  s i n g l e  

r e f l e c t o r  s y s t e m  w a 5  chosen. 

A quic!:: s c a n  o f  f i g u r e  07 w i l l  s h o w  t h a t  a p p r o x i m a t e l y  

h a l f  o f  t h e  e n e r g y  d i s s i p a t e d  b y  t h e  r - a d i a . t o r s  will  s i n k :  i n t o  

t h e  p r i m a r y  r e f l e c t o r .  So t o  check: o n  s t e a d y  s t a t e  d i s h  

t e m p e r a t u r e s  f o r  b a t h  c o n f i g u r a t i o n s ,  w e  c a n  write a n  e n e r g y  

b a l a n c e  a n d  s o l v e  f o r  t h e  t e m p e r a t u r e  
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F'r = , =' -  c* + Fd c co I I 

w h e r e :  F'r is  t h e  r a d i a t e d  p o w e r  

F'a is; t h e  so l a r  a b s c r b e d  p o w e r  

Pd is t h e  r a d i a t o r  d i s s i p a t e d  p o w e r .  

F o r  t h e  s i n g l e  r e f lec tor ,  

T h e  n o m e n c l a t u r e  c o n t a i n s  t h e  v a r i a b l e  n a m e s  a n d  m e a n i n g s .  

S a l v i n g  f o r  T 

F o r  s i l v e r  coated f u s e d  s i l i c a  w i t h  a n  overcoat  o f  v a p o r  

d e p o s i t e d  I n c c r n e l ,  a = .(E a n d  e m  = .El(:). A s s u m i n g  a c y c l e  

e f f i c i e n c y  o f  25%, ( c o n s e r v a t i v e  f o r  t h i s  s y s t e m )  t h e n  t h e  

s t e a d y  s t a t e  t e m p e r a t u r e  reaches 194 d e g r e e s  K. T h e  t h e r m a l  

t r a n s i e n t s  d u r i n g  a n  o r b i t a l  p e r i o d  are f o u n d  b y  s o l v i n g  

dT 
G i n  - G o u t  = m Cp -- 

d t  
c co4 1 

S i n c e  t h i s  p o w e r  s y s t e m  p r o d u c e s  e n e r g y  c o n t i n u a l l y  d u r i n g  a n  

o r b i t ,  t h e  r a d i a t o r s  w i l l  d i s s i p a t e  t h e  satnu p o w e r  i n  the  
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-1 
r a d i a t i n n  t o  c c m s i d w - ,  b u t  i t  w i l l  b e  i g n o r e d  f o r  a. m a x i m l - ! m  

L ~ i ~ ~ m s i e n t  a n a l y s i s .  So t h i s  r e s u l t s  i n  a n o n  l i n e a r  e q i - i a t i n n  

o.f t h e  f o r m  

T h e  p r e s e n c e  13f t h e  r a d i a t o r  p o w e r  mal.::es t h e  e q u a t i o n  

d i f f i c u l t  t o  s o l v e  a n a l y t i c a l l y ,  s o  a Rcinge P::i-i.tta method was 

u s e d  so solve +or T(t). A g o o d  f i g u r e  f l2r  co l l ec to r  mass 1s 

2.1 k c J i m  . find C p ( H 1 )  = 836 J / i k g  K I .  Low e a r t h  o r b i t  d i z -  
2 

t a t e s  a m a x i m u m  s h a d o w  time o f  38 min .  a n d  so s u b s t i t u t i n g  

a l l  t h e  r e l e v a n t  v a r i a b l e s  g i v e s  a v a l u e  f o r  t h e  rniniinum 

t e m p e r a t u r e  of the d i s h  e q u a l  t o  139 d e g r e s s  K. so t h e r m a l  

, k i - a . n z i e n t s  r e m a i n  r e a s i c n a b l e  a t  55 degrees K .  R e p e a t i n g  t h i z  

c a l cu la t ion  f o r  t h e  s e c o n d a r y  mirror ! r a d i u s  = 1 m )  of t h e  

C a s s e g r a i n  a r r a n g e m e n t ,  one f i n d 5  t h a t  the s t e a d y  !state tem- 

p e r a t u r e  is  673 d e g r e e s  t:: a n d  t h a t  t h e  t e m p e r a t u r e  a t  c-hadow 

e x i t  is 392 d e g r e e s  K. T h i s  g r a d i e n t  is mare s e r i o u s  a t  291 

d e g r e e s ; ,  g r o u n d s  e n o u g h  t o  j l - t s t i f y  a s i n g l e  r e f  l ec tor  system. 

O n e  o t h e r  p h e n o m e n o n  t h a t  w i l l  a f f e c t  c o l l e c t o r  l i f e  w a s  

r e c e n t l y  o b s e r v e d  o n  STS 4. A n  e x p e r i m e n t  was c o n d u c t e d  to 

see i f  t h e r e  w a s  any material  e r o s i o n  i n  LEO, d u e  t.o f r e e  

o x y g e n  i m p a c t i n g  a t  o r b i t a l  v e l o c i t i e s ,  t h e r e b y  o : : i d i z i n g  t h e  

s u r f a c e  . P o l i s h e d  s u r f a c e s  were e x p o s e d  i n  d i f f e r e n t  d i r e c -  

t i o n s  t o  t h e  f l i g h t  v e l o c i t y  v e c t o r  t o  q u a n t i f v  t h e  ef. fec ' t .  
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A55;uming the material b e i n g  e r o d e d  i s  , a !umin lum,  a n  e r o s i o n  

r a t e  o f  up t o  40 r i i l z r o n s  p e r  d a y  w a s  c a l c u l a t e d  a t  a n  z r b i t a . 1  

s l t i t u d e  o+ 241 k m s .  A t  4 2 0  k m s ,  t h i s  rate w e n t  down b y  2 

o r d e r s  o f  m a g n i t u d e .  E i t h e r  way, a mirror  w h o s e  d e s i g n  l i + e  

is  s u p p o r - e d  t o  b e  t e n  y e a r s  w u u l d  n e v e r  l a s t .  Solar  c e l l s  are 

t y p i c a l l y  p r o t e c t e d  w i t h  a t h i n  <0.15 m m )  c o s t i n g  o f  q u a r t z .  

A s i m i l a r  c o a t i n g  m i g h t  have t o  b e  a p p l i e d  at- a p e n a l t y  o f  

a b o u t  (5.4 kg/m . 
3 
L 

T h e  a n a l y s i s  i n  CIS1 is o u t l i n e d  .as f o l l o w s .  G i v e n  t h e  

g e o m e t r y  shown  i n  f i g u r e  Q€3? i t  is clear t h a t  an.y errors  

l m i s a l i g n m e n t  a r  s t a t i s t i c a l )  w i l l  d i f S u s e  t h e  e n e r g y  over  a 

l a i - y e r  area i n  t h e  f o c a l  p l a n e .  A d d i t i u n a l l y ,  t h e  s u n  is n o t  

a p o i n t  s a u r c e ,  so t h e  i rnage  a t  t h e  f o c u s  w i l l  h a v e  a f i n i t e  

s i z e ,  d e p e n d i n g  crn t h e  mi r ro r3s  o p t i c a l  g e o m e t r y .  Any aper - -  

t u r e  l o c a t r - d  i n  t h e  focal  p l a n e  w i l l  h a v e  .to c a p t u r e  a s  much 

E n e r g y  a s  p o s s i b l e  w h i l e  l i m i t i n g  t h e  a m o u n t  o f  r e - r a d i a . t i o n  

c o m i n g  o u t  o f  t h e  c a v i t y .  The l a t t e r  is d r i v e n  p r i m a r i l y  b y  

t h e  o p e r a t i n g  t e m p e r a t u r e  of t h e  r e c e i v e r  t o  t h e  f o r t h  p o w e r  

and d i r e c t l y  5s t h e  a p e r t u r e  area.  

T h e  t h e r m o d y n a . m i c  c y c l e  e f f i c i e n c i e s  w i l l  d i c t a t e  t h e  

a m o u n t  o f  pollrer n e e d e d  i n  t h e  c a v i t y ,  w h i c h  i n  t u r n  is a 

f u n c t i o n  o f  t h e  mirror r a d i u s  a n d  a c h i e v a b l e  c o l . l e c t i o n  

e.ff i c i e n c y .  S i n c e  s c a l i n g  r e l a t i o n s h i p s  b e t w e e n  mirror m a 5 5  

a n d  s u r f a c e  q u a l i t y  a r e n ’ t  r e a d i l y  a v a i l a b l e ,  t h e  i n t e n t  o f  

t h i s  a n a l y s i s  is to d e t e r m i n e  a tnaxirnurn a c c e p t a b l e  error 
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b e f a r e  c ~ l l e c t ~ r  nasz p e n a l t i e s  become too g r e a t .  

As merit i oned be fo re ,  Kaykaty  determined t h a t  t h e  two key 

geomet r i ca l  v a r i a b l e s  a r e  t h e  m i r r o r  r a d i u s  Rm and the r i m  

3 

ang le  Tm. These combine t o  +orm an express ion  fot- t h e  f o c a l  

l e n g t h ,  F 

T h e  e q u a t i o n  f o r  a parabo la  w i t h  i t s  o r i g i n  a, t h e  f o c u s  i s  

where r h o  i 5  t h e  d i s t a n c e  f rom t h e  .focus to any p o i n t  an t h e  

sur+ ace and T measures t h e  angu lar  p o s i  t i  on or tha.t pcji n t .  

R e s t r i c t i n g  t h e  a n a l y s i s  f o r  t h e  p resen t  t o  t h e  p e r + e c t  

m i r r a r 7  i t  i s  c l e a r  b y  r e f e r r i n g  .to . f i g u r e  08 t h a t  i . f  a 

r e f l e c t e d  image o f  t h e  sun .from any p o i n t  on t h e  s,urSace i s  

viewed normal t o  t h e  image path,  t h a t  image w i l l  f o rm a 

c i r c l e .  A t  t h e  f o c a l  p lane,  t h i : s  same image w i l l  f o rm an 

e l l i p s e  whose semi-major a x i s  i s  a f u n c t i o n  o+ T. I f  a lpha  

is clle-fined a s  t h e  h a l f  ang le  o f  t h e  sun a t  1 AU t h e n  t h e  axes 

a r e  g i v e n  by  

b = rho tan(a1pha)  

r h o  t a n  (a lpha )  

cos ( T I  
a = -------------- 
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I t  makes s e n s e  t h e n  t h a t  t h e  h i g h e r  t h e  rim a n a l e  o f  the 

c o l l e c t o r ,  t h e  inore d i f f u s e  t h e  lma3e will b e  i n  t h e  foca l  

p l a n e .  A s  o n e  r o t a t e s  awoiind t h e  o p t i c a l  a x i s  w i t h  a 

c o n s t a n t  T, t h e  image -6fIrmed a t  t h e  foca l  p l a n e  w i l l  c c n z i s t  

of a s e t  oi s u p e r i m p o s e d  e l l i p s e s  all w i t h  t h e i r  o r i g i . n c ,  a t  

the f o c u s .  I f  K Is t h e  s o l a r  c o n s t a n t ,  the amount o+ energy 

t h a t  t h i s  swept r i n g  i n t e r c e p t s  is s i m p l y  

Ee = t:: 2 p i  Re d R e  

I n  p o l a r  c a m - d i n a t e s  

R e  = rho s i n ( T )  

d R e  = rho c o s ( ' T ) d T  + s i n ( T j d ( r h u )  

Upon s u b s t i t u t i o n ,  ~ q n C C l G 1  b e c o m e s  

= r h o  dT 

S u b s t i t u t i o n  i n t o  CCO?I g i v e s  

.-.l 

E e  = 2 p i  k:: r h o  : ; i n ( T )  dT 

c co9 i 

C C l O l  

C r J l l l  

r: 13 1. 4 1 

I n t e g r a t e d  +ram T=Q t o  'Tm t h i s  l a s t  e x p r e s s i o n  s h o u l d  equal 

t h e  mirror's p r o j e c t e d  a rea  . t i m e s  K. 

Nor4 s i n c e  t h e  o p t i m u m  a p e r t u r e  r a d i u s  is smaller t h a n  t h e  
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I -  

lx r jes t  o f  t h e  e l l i p s e s  a:.:es,, n o t  all o f  t h e  r e f l e c t e d  ener-qy 

i.5 g o i n g  i n t o  t he  r e c e i v e r .  T h e  p r e s e n c e  o f  a n y  e r r o r s  w i l l  

s ca t t e r  t h e  r e f l e c t e d  e n e r g y  e v e n  more over t h e  f o c a l  p l a n e ,  

! s y  d i z , p l a c i n g  t h e  c e n t e r s  o i  t h e  e l l i p s e 5  away f r o m  ths f o c a l  

p o i n t .  T h e  t k d o  k i n d s  o f  e r ro r s  c o n s i d e r e d  are t h e  s t a t i s t i ~ a l  

surf ace errors a n d  m i s o r i e n t a t i o n  error. The s u r f  ace e r ro r s  

ef:i.st a.s m a n u f a c t u r i n g  i m p e r f e c t i c n s ,  assc~.med t o  f o l l a w  3 

nrsrmal  d i s t r i b u t i o n  o f  0 mean a n d  z a m e  s p e c i S i e d  s t a n d a r d  

d e v i a t i o n .  A s  d a t a  p o i n t s ,  NASA L e w i s  b u i l t  a i. 1 m ( 2 Q  . f t )  

d i a m s t s r  1\19 mir ro r  to a 1 s i g m a  \iall-te a+ 1 mrad w h i c h  m a s s e d  

at 5 l::g/m and la t ter ,  TRW c o n s t r u c t e d  a i l .9 m ( 3  + t )  d i a m e t e r  

mirror t o  0.3 mrad a t  1.3 k g / m  . F o r  t h i s  a n a l y s i s ,  t he  

- 
6 

2 

a i ~ t h o r  b e l i e v e s  t h a t  a 24 m (79  f t )  d i a m e t e r  mirror c o u l d  be 

b u i l t  t o  I m r a d  a t  2. 1 l::g/m . .? ..- 

R e f e r e n c e  C 1 3 1  d i s p l a c e d  t h e  e l l i p s e s  o n l y  r a d i a l l y  away 

f r o m  t h e  .focal p o i n t ,  w h i c h  r e s u l t s -  i n  a s y m m e t r i c a l  E n e r g y  

d i s t r i b u t i o n  a r o u n d  t h e  focal p o i n t .  T h i s  s i m p l i f i e s  t h e  

a n a l y s i s ,  b u t  r e s u l t s  i n  a s l i g h t l y  o p t i m i s t i c  l e v e l  o f  

p e r f o r m a n c e .  C i l n s u l  t f i g u r e  W',. T h i s  t r e a t m e n t  a l s o  cnaI . : :~ l~ ,  the  

a n a l y s i s  o f  a m i s o r i e n t e d  s y s t e m  easier as w i l l  b e  d i s c i - t s s e d .  

T h i s  d i s p l a c e m e n t  d i s t a n c e  is g i v e n  b y  

w h e r e  e is t h e  a v e r a g e  error o f  a n a r r o w  b a n d  w i t h i n  t h e  

s t a t i s t i c a l  d i s t r i b u t i o n  o f  errors.  

Ncrw t h e  task a t  h a n d  i s  t o  d e t e r m i n e  w h a t  . t ' r a c t i o n  o f  a g i v e n  
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Image superpos i t ion  i n  f o c a l  p l ane  

f o r  a pe r fec t  mir ror  

I- 

,/' 

Image superpos i t ion  i n  f o c a l  p lane  

f o r  an  imperfect mir ror  

FIGURE 9. 
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. -  a p e r t u r e  r a d i u s  of: c i r r u l a r  e l c m e n t - ,  t h a t  1 i e  w i t h i n  the 

e l e n e n t s  a n d  e l l i p s e s  a r e  p o s s i b l e .  C o n s u l t  f i g u r e  10. T h e  

p r o g r e s s i a n  o u t l i n e d  b y  cases 1-4 r e p r e s e n t s  d i f f e r e n t  

c r i t e r i a  +lor c o m p u t i n g  X i  r 7  t h e  a . r c l e n j t h  o+ a c i rcu lar  

r l e r e n t  ctimmon t o  t h e  c i r c l e  a n d  t h e  e l l i p s e  as, unE i n t e g -  

ra tEs d r  f r r Im 0 .to . t h e  a p e r t u r e  r a d i u s .  

Case 1 holds when t h e  c i r c l e  l i e s  w i t h i n  t h e  d a m a i n  

the  e l l i p s e .  F i g u r i n g  e:.:act:Ly when t h i s  is  t h e  ca~se is ea.sier 

t o  da when t h e  e q u a t i o n  o f  t h e  e l l i p s e  is r ecas t  i n  p o l a r  

c o o r d i n a t e s  

1 e t  

5 =  

r cor,IT) 

T h e n  s o l v i n g  f o r  r ,  o n e  o b t a i n s ;  

I:: c o s ( T )  + a s q r t  ( q + 

s i n  ( 7 )  

T h e r e  are r e a l l y  two s o l u t i o n 5  f a r  r ,  + a n d  -, . t h e  l a t t e r  

h a v i n g  n o  p h y s i c a l  m e a n i n g .  T a k i n g  t h e  d e r i v a t i v e  of r wrt. T 

will l e a d  a minimum a+ r and  w h e r e  i t  is l o c a t e d .  R e f e r  .to 
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FIGURE 10 (cont . )  
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CC1.11 

F i n d i n g  t h e  T ’ s  f o r  d r i d T  t o  b e  zi3ro i 5  n o t  e a s i l y  

acccjmpl  i s h e d  a n a l y t i c a l  1 y r  h e n c e  a ncimer i c a l  s c h e m e  s u c h  a.5 

the s e c a n t  m e t h o d  ha . s  t o  be u s e d .  O n c e  t h e  cilrrclct s o l  u t i  o n  

is f o u n d ,  r e i n s e r t i n g  T ‘ i n t n  e q n  C13 will  y i e l d  t h e  m a : . : i m w n  

r a d i u s  f a r  a c i r c l e  t o  be c o m p l e t e l y  i n s i d e  t h e  e l l i p s e .  

H e n c e  t h e  vall_te n f  t h e  a r c l e n g t h  w i l l  be  ~ I 

P -  oadse l a  e x i s t s  whpn t h e  e l l i p s e  s t a r t s  o c ! t  b e y o n d  t h e  

r e a c h  o f  r .  The test for t h i s  case is when r .:: (Cr-a) . find t h e  

a r c l e n g t h  is s i m p l y  z e r o .  

C a s e  2 n e e d s  t o  b e  t r e a t e d  a b i t  d i f f e r e n t l y ,  s i n c e  X i i p i  

is  less t h a n  1 a n d  is a f u n c t i o n  of g e o m e t r y .  T h i s  s i t u s : t i o n  

c o n v e n i e n t  to s o l v e  f o r  the c a a r d i n a t e s  o f  t h e  i n t e r s e c t i o n  

o f  t h e  c i r c l e  a n d  e l l i p s e .  G i v e n  , t h e i r  w e l l  known f o r n i c i l a s ,  
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a n d  s e t t i n g  t h e m  e q u a l  t o  e a c h  o t h e r  r e s u l t s  i n  a n  e q u a t i o n  

f or :.: 

Note t h a t  t h e  result is d i f f e r e n t  t h a n  t h e  one p r e s e n t e d  i n  

C 1 1 .  T h e r e  are t w o  s o l u t i o n s  a s  e x p e c t e d .  
cc1-51 

- 1 :.: 1 -1 >;2 
X i  = cos -- 1 X i  = cos  ( -- ) 

1 r 2 r 

T h e r e f o r e  t h e  s w e p t  a r c l e n g t h  t h a t  l i e s  w i t h i n  t h e  e l l i p s s  is  

S = 2 r i % i  + X i  ) 
1 2 

C a s e  3 is z i m i l a r  t o  ca.5e 2 s a v e  t h a t  r l n l y  one s o l u t i o n  

o f  :.: is v a l i d .  T h i s  case i!s t r e a t e d  when r :.1. .abs!i::-a) a n d  

r .:: k+a. 'The n e g a t i v e  va lue  o f  :.: is s i m p l y  d i s c a r d e d .  'Then 

t h e  a r c l e n g t h  b e c o m e s  

-1 x 

r 
S = 2 r c o s  ( - )  

Gaze 4 is t h e  s i m p l e s t .  I f  r ::. (k+a)  t h e n  S is ze ro .  

A f t e r  t h e  a r c l e n g t h  h a s  been + o u n d  . for  a p a r t i c u l a r  
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c o n f i g u r a t i o n ,  t h e  . f o l l o w i n g  y i e l d s  t h e  + r a c t i o n  af  t ! -~e 

el 1 i p s e '  5 area  t h a t  has e n t e r e d  t h e  a p e r t u r e  

c c 1 '7 1 

C n m b i n i n g  t h e  r e l e v a n t  e q u a t i o n s  C Ell7 C17 1 t o  come LIP w i t h  

t h e  t o t a l  p o w e r  i n  t h e  a p e r t u r e  y i e l d s  

w h e r e  Tij  h3.s b e e n  c h a n g e d  S r o m  0 t o  accoc i ,n t  f o r  t h e  receiver 

c o n f i g u r a t i o n  w o u l d  b e  t h e  p o w e r  g o i n g  i n  t h e  a p e r t i ! r e  

d i v i d e d  b y  t h e  aimiJcirtt, o f  e n e r g y  b e i n g  i n t e r c e p t e d  by t h e  

d i s h .  

M i s o r i e n t a t i o n  error,  w h i c h  c a n  b e  t t roc!ght  crf as e i t h e r  

p o w e r  s y s t e m  m i s a l i g n m e n t  w i t h  t h e  s u n  or  mirror-receiver 

m i s a l i g n m e n t ,  w i l l  s p r e a d  out t o  a n  s e n  g r e a t e r  d e g r e e  t h e  

e n e r g y  i n  t h e  focal p l a n e .  T h e  e q c i a t i o n  a . b a v e  needs t o  b e  

m o d i f i e d  = l i r , h t l y  t o  a c c o u n t  foi-  t h e  e f f e c t i v e  s h i f t  i n  

a p e r t u r e  l a c a t i o n .  I f  d q u a n t i f i e s  t h i s  s h i f t ,  t he  i n t e r i o r  

e q u a t i o n  i n  C C 2 2 1  changes t o  

1 phi 
S d r  

a b  P i  
; o  
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Figure 11. Misaligned aperture geometries in the focal plane. 
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abou t  t he  o r i g i n .  T h e  s h i f t  d i s t a n c e  ';chlscl:: figi-w-e 1 1 )  is 

qua.iit i f i ed b y  

F a r  small a n g l e s  of m i s o r i e n t a t i n n ,  t h e  e l l i p 5 . e  d i s p l a c e m e n t  

need ncrt b e  m e d i f i e d .  The  r a t i o  p h i f p i  is +i)und by s o l v i n g  

f c r r  t h e  i n t e r s e c t i n g  p o i n t s  o f  t h e  p e r i p h e r y  crf t h e  a . p e r t u r e  

and a n  a r b i t r a r y  c i r c l e  a+ r a d i u s  r 

E q u a k i n g  y ' 5 .  a n d  s o l v i n g  f o r  >: a n d  p h i  

- 1 :.: 

r 
p h i  = cos  < - ) 

So o n c e  a g a i n  t h e  energy e f f i c i e n c y  w i t h  error  m o d ~ i l i n g  

becomes 

The c o n c e n t r a t i o n  e f f i c i e n c y  is a p r o d u c t  o f  t h e  blockage 
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e f  f i c i enr- y m i  i'r Qr c a a t  i ng 2 3  f i t i ei-tc y ener (3 y ef f i c i .rncy 3.n d 

t h e  e f i e c t i v e  s o l a r  a b s o r p t i v i t y  o f  t h e  r e c e i v e r .  However , 
t h e  r e c e i v e r  can be t h o i q h t  o f  as a blackbody, so t h e  

a b s o r p t i v i t y  i s  s e t  t o  1. To get t h e  c o l l e c t i o n  e f f i c i e n c y ,  

one needs .to i n c l u d e  t h e  r a d i a t i o n  losses out t h e  aperti- ire. 

These a r e  

So  t h e  o v e r a l l  c o l l e c t i o n  e f f i c i e n c y  becomes 

Nc = Nb Nr 1'42 - Lr  I 

One needs t o  remember t h a t  t h i s  e f f i c i e n c y  i s  s j o l e l y  a 

i u n c t i i m  of one e r r o r  E, and one m i s o r i e n t a t i o n  a.nqle, m. A s  

mentioned b e f o r e  t h e  surf ace e r r o r s  behave i n  a normal 1.y 

d i s t r i b u t e d  manner. So, p i c k i n g  EI c e r t a i n  s tandard  d e v i a t i o n ,  

one proceeds t o  d i v i d e  u p  t h e  m i r r o r  i n t o  s.Deci.f ic e r r n r  

bands;, each hav ing  a c e r t a i n  p r o b a b i l i t y  o f  e x i s t i n g .  T h e n  

t h e  computa t iun  f o r  Ne is run f o r  each e r r o r  band's  a v e r a . 3 ~  e 

and f o r  5 o r  6 d i f f e r e n t  a p e r t u r e  to m i r r o r  r a d i u s  r a t i o s .  A 

t a b l e  can be cone,truc'ted w i th  a1 1 t h e s e  va.lv.es, a E, 

e x e m p l i f i e d  i n  t a b l e s  1 - 15. Next a l l  t h e  energy e f f i c i e n -  

c i e s  common tn a c e r t a i n  r a d i u s  r a t i o  a r e  r n u l t i p l i e d  by t h e i r  

pt-obaGi 1 i t y  o f  occurtmce and then  summed. The r e s u l  t s  o f  

t hese  summations can be  p l o t t e d  f o r  c l a r i t y .  I +  t h e  r a d i a t i o n  
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t h e s e  si-!mmatiilnc- r a n  be p l o t t e d  S n r  c l a r i t y .  I$ the r a d i a t i o n  

ias:~s are s u b t r a c t e d  f rom t h e s e  c u . r v e s ,  t h e n  an i7pt im~im 

c a l  1 e r t i  o n  e f f  i c i  e n ~ y  shou.1 i j  a p p e a r  a t  some S p e c i  f i c a p e r t u t - e  

r d i u s .  A l l  t h i s  c o m p u t a t i a m  is  f o r  o n e  s p e c i f i c  miri-ar 

geumett-y and c a v i t y  t2if ipet-atut-e .  T h e  l a t t e r  is  i n v a r i a n t  a t  

.I -rc- 
L / . J ( )  d e g r e e s  t< f r o m  t h e  c y c l e  a n a l y s i s .  'The f o r m e r  is ' a 

matter a$ c h o i c e ,  i n s o S a r  t h a t  t h e  p o w e r  c o n s t r a i n t s  are 

s a . t i s S i e d .  For a good .first guess C161 p r e s e n t s  a q u i c k  

methocl  .to + i n d  the o p t i m u m  mirror rim a n g l e ,  p r o v i d e d  t h a t  

there  ar-e n o  errorsr w h i c h  w o r k s  l x i t  t o  h e  4.5 degrees. 

F i g u r e  12 ~-ICYAF, t h s  s e n s i t i v i t y  o f  c o l l e c t i o n  e f f  i c i e n c y  

2s. a f u n c t i o n  u.f m i s o r i e n t a t i o n  f o r  a g i v e n  mirrsrr g e o m e t r p  

and s u r f a c e  q u a l i t y .  T h e  data is r e p r e s e n t e d  i n  t h i s  f a s h i a n  

t o  s h o w  the i m p a c t  of  p o i n t i n g  a c c u r a c y  cn t h e  c o l l e c t i o n  

systlzm e f f  i l z i e n c y .  O n e  s h o u l d  n o t i r e  that the. h i g h e r  t h e  

mirror rim a n g l e ,  t h e  less. s e n s i t i v e  t h e  c o l l e c t i o n  

e $ i i c i e n c y  is  t n  v a r i a t i o n s  i n  p o i n t i n g  a c c u r a c y ,  a t  t h e  

e:.:penc,e o f  SGITIS c o l l e c t i o n  e f f  i c i e n c y .  fi r e a s o n a b l e  

c o m p r o m i s e  wiiuld be t o  d e s i g n  t h e  mirror w i t h  a rim a n g l e  o$ 

.J;I d e g r e e s .  W i t h o u t  a d d i t i o n a l  k n o w l e d g e  o f  mirror q u a l i t y  vs 

mass, a n y  c y c l e  o p t i m i z a t i o n  a l g o r i t h m  w i l l  t r y  a n d  d r i v e  

mirror s u r f a c e  error t o  0 .  T h e r e f o r e  i t  m u s t  b e  f i x e d  t o  some 

r e a c , o n a b l e  \,'slue? say 1 s i g m a  = 1 m i l l i r a d i a n .  R e f e r e n c e  C 1 7 1  

hac, i n v e s t i g a t e d  t h e  e. f+ects o i  t i i qhe r -  s u r f a c e  e r rors  a n d  

r e p o r t s  t h a t  ccr l lect ion e f S i r i e n c y  d r o p s  t o  a b o u t  53% a t  4 

cc 

I 
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!?it-sd error a n d  40% at 8 i n r a d  errcr  i f  t h e  c a v i t y  ternpa-.zttl.-it-e 

: z  h e l d  a t  13M) d e q r e e s  t<. F a r  a %r-face q c i a l i t y  of 1 mra.d, 

 ne c a n  a c h e i v e  a c o l l e c t i o n  e f f i c i e n c y  o f  S1X w i t h  .same 

t a l  erarice f o r  m i  s a l  i g n m e n t  error. The u p t i  m u m  a p e r t u r e  r a d i u s  

t~ choose is t h e n  14 cm. 

Figi-1.t-e 12 b .;haws some crf K a y k a t y ‘ s  c.~c7rC:: f a r  t h e  sa . r r~~  

c o l l e c t ~ r .  T h e  e f f e c t  crf m i s a l i g n i n g  t h e  mirror by hs.1-F uf 

tRs si-!n’s p r o j e c t 4  a n g l e  a t  1 AM iiS m i n )  is c l e a r l y  c,hown. 

T h e  p e r f o r m a n c e  i s  penalized try a t n u t  &:A.  A s  a matter Df 

+ L J  - + ( s i - ~ ~ t ~  I _ . _ I  -- .the “.pace t e i e s r - a p e  c a n  achieve 5 ~ i t  z e c u n d  p o i n t i n g  

a c c u r a c y .  I t  is u n r e a s o n a b l e  t o  e x p e c t  a s p a c e  p l a t f o r i n  w i t h  

= R i f t i n g  masses abrljrd to m a i n t a i n  t h a t  1::ind ( ~ f  a c c u r a c y .  So 

t h e  a u t h o r  f e l t  t h a t  530me m i s a l i g n m e n t  err-or h a d  t c c  b e  

i n c l u c l e d  i n  t h e  d e s i g n  :s tage.  

Due i n  p a r t  to some d i f f e r e n c e s  i n  t h ?  e q u a t i o n s ,  t h e  

a i i i . t ho r ’ s  c o m p u t e d  values f o r -  ’ i n  a p e r t u r e  e n e r g y  e + f  i c i e n c y  

’ were somewhat l a r g e r  (3%) b u t  these d i . f f e r e n c e s  w e r e n ’ t  

d i s c e r n i b l e  when c o l l e c t i o n  e f f i c i e n c y  wa5 .fol-!nd. 

4 4  
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o f  CAVITY = 1750°K 
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F i g u r e  1 3 .  Energy and c o l l e c t i o n  e f f i c i e n c y  as a f u n c t i o n  
of receiver a p e r t u r e  r a d i u s  [ 1 3  
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TABLE 1 

.04 

.04 

.04 

.04 

.04 

.04 

.04 

.04 

.04 

.04 

. 0 3  

.02 

.01 
0 

Tabu la t ed  v a l u e s  of energy e f f i c i e n c y  ( q  ) and c o l l e c t i o r i  
e f f i c i e n c y  (Q,) f o r  a 1 2  m ,  30° r i m  a n g l e  and 1 mrad 

s t a n d a r d  d e v i a t i o n  mirror. 

E 

.41 

.41 

.41 

.41 

.41 

.39 

.36 

.32 
* 29 
.25 
.21 
.18 
.13 
.08 

N o  m i s o r i e n t a t i o n  e r r o r .  

.002 

.006 

.010 

.014 

.018 

Energy e f f i c i e n c y  

as a f u n c t i o n  of m i r r o r  error and a p e r t u r e  t o  r e c e i v e r  r a d i u s  

.0347 . 0 0 1 5  .0332 

.3377 .0138 -3239 

. 7260  .0383 .6877 

.0489 .0750 .7739 

.a761 .1240 .7521 

Average 
error 

(mrad) 

.1 

.3 

. 5  

.7 

.9 
1.1 
1.3 
1.5 
1.7 - 
1.9 
2.1 
2.3 
2.6 
3.1 

c 

‘a”m 
-010 

.98 

.95 

.90 

.85 

.80 

.74 

.69 
-64 
.58 
.53 
.48 
.43 
-36 
.25 

.C173 

.014 
~ 

.99 

.99 

.98 

.98 

.98 

.97 

.95 

.92 

.97 
-82 
.77 
.72 
.64 
.51 

.9554 

C o l l e c t i o n  e f f i c i e n c y  

.018 

.99 

.99 

.99 

.99 

.99 

.99 

.99 

.99. 

.99 

.99 

.97 

.95 

.89 

.75 

-986. 

’ r o b a b i l i  t y  
of  

occurence  

,15850 
.15234 
.14064 
.12480 
.lo640 
.08718 
.06862 
.05192 
-03792 
.02636 
.01769 
.01141 
.01128 
.00444 

RL 

~~ 
~ 

Receiver t empera tu re  = 1750°K 
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TABLE 2 

ra'rm 

. 0 0 2  

. 0 0 6  

.010 

. 0 1 4  

. 0 1 8  
1 

Tabula ted  v a l u e s  of energy e f f i c i e n c y  ( q E )  and c o l l e c t i o n  
e f f i c i e n c y  ( r l  ) f o r  a 1 2  m ,  45 '  r i m  ang le  and 1 mrad 
s t a n d a r d  d e v i a t i o n  mir ror .  

C 

N o  m i s o r i e n t a t i o n  e r r o r .  

Energy e f f i c i e n c y  

as a f u n c t i o n  o f  m i r r o r  e r r o r  and a p e r t u r e  t o  r e c e i v e r  r a d i u s  

Average 
error 

(mrad) 

.1 

. 3  

. 5  

. 7  

. 9  
1.1 
1 . 3  
1 . 5  
1 . 7  
1 . 9  . 

2 . 1  
2 . 3  
2 .6  
3 . 1  

c 

. 0 0 2  

. 0 9  

. 0 9  

. 0 9  

. 0 9  

. 0 9  

. 0 9  

. 0 9  

.09  

. 0 8  

. 0 7  

. 0 6  

. 0 4  

. 0 2  
0 

. 0 8 6 7  

'a"m 

. 0 0 6  

. 8 1  

. 7 9  

. 7 6  

. 7 0  

. 6 5  

.60 

.56 

. 5 1  

.46  

. 4 1  

.36  

.32  

. 2 5  

.15 

.6710  

.010 

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 6  
- 9 4  
. 9 1  
. 8 7  
. 8 4  
. 7 9  
. 7 4  
. 6 9  
-61 
. 4 8  

. 9 4 3 5  

. 0 1 4  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 8  
- 9 8  
. 9 8  
. 9 8  
. 9 8  
. 9 7  
. 9 6  
. 9 4  

. 8 0  

. a 9  

. 9 8 2 2  

C o l l e c t i o n  e f f i c i e n c y  

. 0 1 8  

1 . 0 0  
1 . 0 0  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 6  

.9922 

.0770 
- 5 9 6 0  
. 8 3 8 1  
.8725 
.8813  

RL 

. 0 0 1 5  

. 0 1 3 8  

. 0 7 5 0  

. 1 2 4 0  

. 03a3  

. 0 7 5 5  

. 5 8 2 2  

. 7 9 9 8  

. 7 9 7 5  

. 7 5 7 3  

Receiver  tempera ture  = 1750'K 
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? r o b a b i l i t y  
of  

occurence  

. 1 5 8 5 0  
, 1 5 2 3 4  
. 1 4 0 6 4  
. 1 2 4 8  
.1064 
. 0 8 7 1 8  
.06862  
. 0 5 1 9 2  
. 0 3 7 7 2  
. 0 2 6 3 6  
. 0 1 7 6 9  
. 0 1 1 4 1  
, 0 1 1 2 8  
.00444  

I 



TABLE 3 

Tabula ted  v a l u e s  of energy e f f i c i e n c y  (T-I ) and c o l l e c t i o n  

e f f i c i e n c y  ( n C )  f o r  a 1 2  m ,  5 5 O  r i m  a n g l e  and 1 mrad 
s t a n d a r d  d e v i a t i o n  mirror.  

E 

la"m I ~ B ~ R ' I E  RL 

. 002  . l o 2 5  . 0015  

. 0 0 6  . 6 7 2 6  . 0 1 3 8  

. 0 1 0  . 8 4 5 0  . 0 3 8 3  

. 0 1 4  . 8 7 7 3  , 0 7 5 0  

. 0 1 8  . 8 8 4 6  . 1 2 4 0  

N o  m i s o r i e n t a t i o n  e r r o r .  

OC 

. l o 1 0  

. 6 5 8 8  

. 8 0 6 7  

. 8 0 2 3  

. 7 6 0 6  

Energy e f f i c i e n c y  
a s  a f u n c t i o n  of m i r r o r  e r r o r  and a p e r t u r e  t o  r e c e i v e r  r a d i u s  

Average 
e r r o r  
(mrad) 

.1 

. 3  

.5 ,. 7 

. 9  
1.1 
1 . 3  
1 . 5  
1 . 7  
1 . 9  
2 . 1  
2 . 3  
2 . 6  
3 .1  

c 

. 0 0 2  

. 1 2  

. 1 2  

. 1 2  

. 1 2  

. 1 2  

. 1 2  

. 1 2  

. 1 2  

.11 

. 0 9  

. 0 7  

. 0 5  

. 3 2  

.01 

. 1154  

- 0 0 6  

. 8 8  

. 8 7  

. 8 4  

. 8 1  

. 7 7  

. 6 9  

. 6 3  

. 5 9  

. 5 4  

. 4 9  

. 4 4  

. 3 9  

. 3 2  

. 2 0  

. 7 5 7 2  

ra'rm 
.010 

. 9 8  
- 9 8  
. 9 8  
. 9 8  
- 9 8  
. 9 5  
. 9 3  
* 9 1  
. 8 7  
. 8 4  
. 8 0  
- 7 7  
. 7 0  
. 5 6  

.9512  

. 0 1 4  

1 . 0 0  
1 . 0 0  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 8  

. 9 8  

. 9 7  

. 9 6  

. 9 4  

. 9 1  

. 8 4  

. 9 8 7 6  

C o l l e c t i o n  e f f i c i e n c y  

. 0 1 8  

1.00 
1.00 
1.00 
1.00 
1.00 

. 9 9  

. 9 9  

. 9 9  

.99  

. 9 9  

.99  

. 9 9  

. 9 8  

. 9 6  

.9955 

P r o b a b i l i t y  
of 

occurence 

. 1 5 8 5 0  

.15234  

.14064  

. 1 2 4 8 0  

. l o 6 4 0  

. 0 8 7 1 8  

. 0 6 8 6 2  

. 0 5 1 9 2  

. 0 3 7 9 2  

. 0 2 6 3 6  

. 0 1 7 6 9  

. 0 1 1 4 1  

.01128  

.00444  

Receiver  temperature  = 1 7 5 0  K 
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TABLE 4 

.018 

1 . 0 0  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 7  
- 9 6  
. 9 3  

. 9 9 0 1  

Tabula ted  va lues  of  energy  e f f i c i e n c y  (qE) and c o l l e c t i o n  
e f f i c i e n c y  ( r i c )  f o r  a 1 2  m ,  65O r i m  ang le  and 1 mrad 
s t anda rd  d e v i a t i o n  m i r r o r .  

P r o b a b i l i t y  
of 

occurence 

. 1 5 8 5 0  

.15234  

.14064  

. 1 2 4 8 0  

. l o 6 4 0  

. 0 8 7 1 8  

.06862  

.OS192 

. 0 3 7 9 2  

. 0 2 6 3 6  

. 0 1 7 6 9  

. 0 1 1 4 1  

. 0 1 1 2 8  

. 0 0 4 4 4  

No m i s o r i e n t a t i o n  error. 

.15 

.15 

.15 

.15 

.15 

.15 

.15 

. 1 4  

.13 

.11 

. 0 9  

. 0 6  

. 0 3  

.01 

Energy e f f i c i e n c y  

as a f u n c t i o n  of m i r r o r  e r r o r  and a p e r t u r e  t o  r e c e i v e r  r a d i u s  

. 8 6  

. 8 5  

. 8 2  

. 8 1  

. 7 8  

. 7 3  

. 6 8  

. 6 2  

. 5 8  

. 5 3  

. 4 8  

. 4 3  

. 3 3  

. 2 4  

Average 
e r r o r  
(mrad) 

ra'rm 

. 0 0 2  

. 0 0 6  

.010 
-014 
.018 

i 

Q B " R ~ E  RL % 

. 1275  . 0 0 1 5  . 1 2 6 0  

.6766 . 0 1 3 8  . 6 6 2 8  

.8380 . 0 3 8 3  . 7 9 9 7  

.8718  . 0 7 5 0  . 7 9 6 8  

.8795  . 1 2 5 0  . 7 5 4 5  

c 

. 3  

. 5  

. 7  

. 9  
1.1 
1 . 3  
1 . 5  
1 . 7  - 

1 . 9  
2 . 1  
2 . 3  
2 . 6  
3 .1  

.-002 I . 0 0 6  

. 1 4 3 5  I . 7 6 1 i  

l a I r m  
.010 

. 9 8  

. 9 8  

. 9 7  

. 9 7  

. 9 5  

. 9 5  

. 9 4  

. 8 9  

.85  

. 7 9  
- 7 5  
. 7 0  
. 5 8  

. a 2  

.014 

.99  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 8  

. 9 5  

. 9 5  

. 9 3  

. 9 1  

.87  . a o  

. 9 8 1 4  

C o l l e c t i o n  e f f i c i e n c y  

Receiver  tempera ture  = 1 7 5 0  K 
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TABLE 5 

Tabu la t ed  v a l u e s  of  energy  e f f i c i e n c y  (0 ) and co l l ec t ion  
e f f i c i e n c y  ( q c )  f o r  a 12 m, 45’ r i n  a n g l e  and 2 mrad 
s t a n d a r d  d e v i a t i o n  m i r r o r .  

E 

.98 
-98 
-96 
.90 
.82 
.72 
.61 
.50  
.40 
-31 
.21 
.13 
.04 

0 

,7987 

N o  m i s o r i e n t a t i o n  error.  

.99 

.99 

.99 

.99 

.98 

.95 

.89 

.82 

.74 

.65 

.54 

.44 

.30 

.07 

.9246 

Energy e f f i c i e n c y  
as a f u n c t i o n  of m i r r o r  e r r o r  and a p e r t u r e  t o  receiver r a d i u s  

ra’rm 

.002 
,006 
.010 
.014 
.018 

Average 
error 

(mrad) 

‘ IB~R‘IE RL % 
.0054 . 0 0 1 5  .0039 
.4446 .0138 .4308 
.7095 .0383 .6712 
.8205 .0750 .7455 
.8610 .1240 .7370 

* 

0.2 
0.6 
1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 
3.8 
4.2 
4.6 
5.2 
6.2 

c 

.002 

.09 

.09 

.09 

.09 

.08 

. 0 5  

.02 
0 
0 
0 
0 
0 
0 
0 

.0661 

r . 

.006 

- 8 0  
.74 
.63 
.53 
.43 
.34 
.25 
.17 
.10 
.04 
0 
0 
0 
0 

.5005  

Collection e f f i c i e n c y  

.018 

1.- 
.99 
.99 
.99 
.99 
.99 
.99 
.97 
.95 
.89 
.84 
.56 
.44 
.38 

.969; 

~~~~~ 

P r o b a b i l i t y  
of 

occurence  

.15850 

.15234 

.14064 

.12480 

.lo640 

.08718 

.06862 

.05192 

.03772 

.02636 
-01769 
-01141 
.01128 
.00444 

Receiver  tempera ture  = 1750 K 
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TABLE 6 

1 1 I 
ra’rm 

Tabu la t ed  va lues  of energy e f f i c i e n c y  (qE) and c o l l e c t i o n  

e f f i c i e n c y  (nc) f o r  a 12 m, 55’ r i m  ang le  and 2 mrad 
s t a n d a r d  d e v i a t i o n  mirror. 

of 
P r o b a b i l i t y  

N o  m i s o r i e n t a t i o n  e r r o r .  

0 
0 
0 

Energy e f f i c i e n c y  
a s  a f u n c t i o n  of m i r r o r  e r r o r  and a p e r t u r e  t o  r e c e i v e r  r a d i u s  

.14 .49 .80 .93 .03792 

.08 .39 .73 .91 .02636 
.31 .64 .86 .01769 .03 

Average 
e r r o r  

(mrad) 

. Gl 
0 
0 

.02 

.06 
1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 
3.8 
4.2 
4.6 
5.2 
6.2 

.22 . 56  .ai .01141 

.11 .42 1 Jz 1 .01128 
-02 .22 .00444 

c 

.0784 

. 5091  

.7349 

.8323 

.8657 

. 0015  

.0138 

.0383 
-0750 
.1240 

- 0 0 2  I ,006 I .010 1 .014 1 ,018 I occurence I 
~~~~~~ 

.12 

.12 

.12 

.12 

.11 

.07 

.87 

. 8 3  

.72 

.61 

.-51 

.41 

~ ~~ 

.99 

.99 

.93 
-91 
.86 
.78 

. o o  

.99 

.99 

.99 

.98 

.95 

1.0 
. oo  
.99 
.99 
. 9 9  
.99 

.15850 

.15234 

.14Q64 

.12480 

.lo640 

.08718 
.02 32 70 91 .98 .06862 
0 I :22 I 157 I :85 1 .97 I .05192 

0 
0 
0 

I I I I 1 1 

.0883 I ,5731 1 .a2731 .93701 -97451 

Collection e f f i c i e n c y  

~~ -~ 

.002 

.006 

.010 

.014 

.018 

.0769 

.4953 

.6966 

.7573 

.7417 
I 1 I 1 

Receiver  temperature  = 1750 K 
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TABLE 7 

.0942  
, 5 2 4 7  
.7344 
. 8 1 6 2  
, 8 5 7 5  

Tabula ted  v a l u e s  of energy  e f f i c i e n c y  ( q E )  and c o l l e c t i o n  
e f f i c i e n c y  ( n c )  
s t a n d a r d  d e v i a t i o n  m i r r o r .  

f o r  a 1 2  m,  6 5 "  r i m  a n g l e  and 2 mrad 

. 0 0 1 5  . 0 9 2 7  

. 0 1 3 8  . 5 1 0 9  
, 0 3 8 3  , 6 9 6 1  
. 0 7 5 0  . 7 4 1 2  
.1240 . 7 3 3 5  

80 m i s o r i e n t a t i o n  error.  

Energy e f f i c i e n c y  
as a f u n c t i o n  o f  mir ror  error and a p e r t u r e  t o  r e c e i v e r  r a d i u s  

Average 
error 

(mrad) 

. 2  

. 6  
1 . 0  
1 . 4  
1 . 8  
2 . 2  
2 .6  
3 . 0  
3 . 4  - 

3 . 8  
4 . 2  
4 . 6  
5 . 2  
6 . 2  
- 

c 

. 0 0 2  

.15 

.15 

.15 

. 1 4  
* 1 2  
. 0 7  
. 0 3  

0 
0 
0 
0 
0 
0 
0 

.lo61 

. 0 0 6  

- 8 5  
. 81  
. 7 6  
. 6 5  
. 5 5  
. 4 5  
. 3 3  
. 2 5  
.16 
.ll 
.06 
-04 

0 
0 

. 5 9 0 7  

'a'lm 
.010 

. 9 8  

. 9 8  

. 9 4  

.90 
- 8 4  

. 7 0  

. 5 9  

.50  

. 4 4  

. 3 6  

. 2 8  
- 1 8  
.07 

- 7  
. / I  

. 8 2 6 7  

. Q 1 4  

. 9 9  

. 9 8  

. 9 8  

. 9 7  

. 9 5  

. 9 2  

. 8 7  

. 8 1  

. 7 6  

. 6 8  

. 6 3  

. 5 7  

. 4 5  

. 3 0  

. 9 1 8 8  

. 0 1 8  

1 . 0 0  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 8  
. 9 6  
. 9 3  
. 8 8  
.85 
. 8 1  
. 7 5  
. 6 6  
. 5 2  

.965:  

P r o b a b i l i t y  
o f  

occurence 

. 1 5 8 5 0  

. 1 5 2 3 4  

. 1 4 0 6 4  

. 1 2 4 8 0  

. l o 6 4 0  

. 0 8 7 1 8  

. 0 6 8 6 2  

. 0 5 1 9 2  

. 0 3 7 9 2  

. 0 2 6 3 6  

. 0 1 7 6 9  

. 0 1 1 4 1  

. 0 1 1 2 8  

. 0 0 4 4 4  

C o l l e c t i o n  e f f i c i e n c y  

1 . 0 0 2  
. 006  
.010 
. 0 1 4  
. 0 1 8  

I 1 I I 1 

Receiver  tempera ture  = 1 7 5 0  K 

5 2  



TABLE 8 

‘lE 

. 4 0  

. 5 7  

. 7 8  

. 9 1  

. 9 a  

. 9 8  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

m i r r o r  r a d i u s  (m) 1 2  
f o c a l  l e n g t h  (m) 1 4 . 5  
r i m  a n g l e  (deg rees )  45 
speed  . 6  
c o a t i n g  e f f i c i e n c y  . 9  
blockage e f f i c i e n c y  . 9 8 7  
c a v i t y  temp (OK) 1 7 5 0  
p e r c e n t  convergence . 0 0 7  
m i r r o r  s u r f a c e  e r r o r  

(mrad) 0 
i n t e r c e p t e d  energy  (W) 628 ,800  

% 

. 35  

. 5 0  

. 6 8  

. 7 9  

. 8 5  

. 8 5  

. 8 5  

.84  

. 8 3  

. 8 3  

.82  

. 0 5  

. 0 6  

. 0 7  

. 0 9  

.10 

.11 

.12  

. 1 3  

. 1 4  

. 1 5  

. o a  

5 3  



TABLE 9 

. 9 6 4  

Tabula ted  v a l u e s  of  energy e f f i c i e n c y  (q 1 and c o l l e c t i o n  
e f f i c i e n c y  ( n C )  f o r  a 1 2  m, 45O r i m  angle  and 1 mrad s t anda rd  

d e v i a t i o n  m i r r o r .  

E 

. 9 9 4  

15  minutes  m i s o r i e n t a t i o n  e r r o r .  

. 0 0 2  

. 0 0 6  

.010 

.014 

.018 

Energy e f f i c i e n c y  
as a f u n c t i o n  o f  m i r r o r  e r r o r  and a p e r t u r e  t o  r e c e i v e r  r a d i u s .  

* 0 5 4  . 0 0 1 5  . 0 5 3  
. 3 5 1  . 0 1 3 8  . 3 3 7  
- 7 1 2  . 0 3 8 3  . 6 7 3  
. a 5 6  . 0 7 5 0  . 7 8 1  
, 8 8 3  . 1 2 4 0  . 7 5 9  

Average 
e r r o r  

(mrad) 

.1 

. 3  

. 5  

. 7  

. 9  
1.1 
1 . 3  
1 . 5  
1 . 7  
1 . 9  
2 . 1  
2 . 3  
2 . 6  
3 . 1  

c =  

.002 

. 0 8  

. 0 7  

.07 

. 0 6  

. 0 6  

.05 

. 0 5  

. 0 5  

. 0 4  

. 0 4  

. 0 4  

. 0 4  

. 0 3  

. 0 2  

. 0 6 1  

. 0 0 6  

. 4 3  

. 4 2  

. 4 2  

. 4 2  

. 4 1  

. 3 8  

. 3 8  

. 3 6  

. 3 4  

. 3 1  

. 2 9  

. 2 6  

. 2 2  

. 1 6  

. 3 9 5  

ra’rm 
.010 

. 8 6  

. 8 5  

. 8 5  

. 8 3  

. 8 0  

. 7 8  
- 7 6  
. 7 2  
. 6 9  
. 6 6  
. 6 2  
.58 
. 5 2  
. 4 2  

.a01 

. 0 1 4  

. 9 9  

. 9 8  

. 9 8  

. 9 8  

. 9 8  

. 9 7  

. 9 5  

. 9 4  

. 9 2  

. 9 0  

. 6 7  

. 8 4  

. 8 0  

. 7 1  

I 

. 0 1 8  

1.00 
1.00 
1.00 
1-00 

. 9 9  

. 9 9  

. 9 3  

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 8  

. 9 7  

. 9 5  

C o l l e c t i o n  e f f i c i e n c y  ( T r  = 1750’K) 

P r o b a b i l i t y  
O f  

occurence 

. 1 5 8 5 0  

. 1 5 2 3 4  

. 1 4 0 6 9  

. 1 2 4 8 0  

. l o 6 4 0  

. 0 8 7 1 8  

. 0 6 8 6 2  

. 0 5 1 9 2  
, 0 3 7 9 2  
. 0 2 6 3 6  
. 0 1 7 6 9  
. 0 1 1 4 1  
. 0 1 1 2 8  
. 0 4 4 4  

5 4  



TABLE 10 

ra/rrn ‘ I B ~ R ~ E  RL 

. 0 0 2  . 0 7 0  , 0 0 2  

. 0 0 6  . 4 6 4  . 0 1 4  

. 0 1 0  . 7 9 8  . 0 3 8  

. 0 1 4  . 8 6 8  . 0 7 5  

.Ol8 . ELi2 . 1 2 4  

Tabu la t ed  v a l u e s  of energy e f f i c i e n c y  (rl ) and c o l l e c t i o n  
e f f i c i e n c y  f o r  a 1 2  m ,  55’ r i m  ang le  and 1 mrad s t a n d a r d  
d e v i a t i o n  mir ror .  

E 

‘IC 

. 0 6 9  

. 4 4 8  

. 7 5 9  

. 7 9 3  

. 7 5 8  

1 5  minutes  m i s o r i e n t a t i o n  error. 

Energy e f f i c i e n c y  
a s  a f u n c t i o n  of m i r r o r  error and a p e r t u r e  t o  r e c e i v e r  r a d i u s  

Average 
e r ror  

(mrad) 

.1 

. 3  

.5  

. 7  

. 9  
1.1 
1 . 3  
1 . 5  
1.7- 
1 . 9  
2 . 1  
2 . 3  
2 . 6  
3 . 1  

c =  

. 0 0 2  

.10 

.10 

. 0 9  

. 0 9  

. 0 7  

. 0 7  

. 0 6  

. 0 5  

. 05  

. 0 5  

. a 5  

. 0 4  

. 0 4  

. 0 3  

. O i 9  

. 0 0 6  

. 5 6  . S6 

. 5 5  

. 5 4  

.53 

. 5 2  

. 4 9  

. 4 6  

. 4 3  

. 4 0  

. 3 7  

. 3 4  

. 2 9  

. 2 0  

. 5 2 0  

ra / rm 
.010 

. 9 6  

. 9 5  

. 9 4  

. 9 3  

. 9 1  

. 8 7  

. 8 6  

. 8 2  

. 7 9  

. 7 5  

. 7 1  

. 6 8  

. 6 2  

. 5 2  

. 8 9 8  

.014 

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 8  

. 9 6  

. 9 5  

. 9 4  

. 9 3  

. 9 0  

. 8 6  

. 7 9  

, 9 7 7  

. 0 1 8  

1.00 
1 .00  
1.00 

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 7  

. 9 7  

. 9 4  

. 9 9 3  

P r o b a b i l i t y  
of  

occurence  

. 1 5 8 5 0  

. 1 5 2 3 4  

. 1 4 0 6 9  

. 1 2 4 8 0  

. l o 6 4 0  

. 0 8 7 1 8  

. 0 6 8 6 2  

. 0 5 1 9 2  

. 0 3 7 9 2  

. 0 2 6 3 6  

. 0 1 7 6 9  
, 0 1 1 4 1  
. 0 1 1 2 8  
. 0 4 4 4  

5 5  



TABLE 11 

.11 

.11 

.10 

.10 

. 0 9  

. 0 8  

. 0 7  

. 0 6  

. 0 5  

. 05  

. 0 4  

. 03  

Tabula ted  v a l u e s  of energy e f f i c i e n c y  ( q  and c o l l e c t i o n  
e f f i c i e n c y  f o r  a 1 2  m ,  65O r i m  a n g l e  and 1 mrad s t a n d a r d  
d e v i a t i o n  mirror .  

E 

. 6 5  

. 6 4  

. 6 1  

. 6 0  

. 5 7  

. 5 3  

. 4 9  

. 4 5  

. 4 1  

. 3 7  

. 3 1  

. 2 2  

1 5  minutes  m i s o r i e n t a t i o n  e r r o r .  

7-- 

I r p m  
I 

I . 0 0 2  
’ . 0 0 6  

.010 

. 0 1 4  
1 . 0 1 8  
1 

i 

Average 
e r r o r  

(mrad) 

1 I ’ 

1 
WWE j RL ’ n, 

. 0 9 2  1 - 0 0 2  . 0 9 0  

. 5 3 7  I , 0 1 4  . 5 2 4  

. 8 0 4  . 0 3 8  . 7 6 6  

. 8 6 5  . 0 7 5  . 7 9 0  

. 8 8 0  . 1 2 4  . 7 5 6  
c 

.1 

. 3  

.5 

. 7  

. 9  
1.1 
1.3 
1 . 5  
1 . 7  
1 . 9  
2 . 1  
2 . 3  
2 . 6  
3 . 1  

. 0 0 2  I . a 0 6  

. l o 3  1 . 6 0 5  

ra’rm 
.010 

. 9 6  

. 9 5  

. 9 4  

. 9 3  

. 9 2  

. 8 9  

. 8 7  

. 8 4  

. 8 1  

. 7 8  

. 7 4  

. 7 0  

. 6 4  

. 5 4  

. 9 0 5  

-014 

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 8  

. 9 7  

. 9 7  

. 9 5  

. 95  

. 9 3  

. 9 1  

.85 

. 7 9  

. 8 9  

- 

. 9 7 4  

.018 

1 . 0 0  
1 . 0 0  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 9  

. 9 8  

. 9 3  

. 9 8  

. 9 6  

. 9 1  

. 9 9 1  

C o l l e c t i o n  e f f i c i e n c y  (Tr  = 1 7 5 0 ° K )  

- 

P rob  a b i  1 i t y  
of 

occurence  

. 1 5 8 5 0  

. 1 5 2 3 4  

. 1 4 0 6 9  
- 1 2 4 8 0  
.lo640 
. 0 8 7 1 8  
. 0 6 8 6 2  
. 0 5 1 9 2  
. 0 3 7 9 2  
. 0 2 6 3 6  
. 0 1 7 6 9  
. 0 1 1 4 1  
. 0 1 1 2 8  
- 0 4 4 4  

\ 

5 6  



Tabulated values of energy efficiency (q,) and collection 
efficiency for a 1 2  m ,  45O rin angle and 2 mrad standard 
deviation mirror. 

.014 

. 9 9  

. 99  

. 9 7  

. 9 7  

1 .85 
. 8 0  
. 7 3  
. 6 5  
. 5 8  
. 4 9  
. 4 1  
. 3 0  1 . 1 6  

, . 9 1  

15 minutes nisorientation error. 

Average 
error 
(nrad) 

. 2  

.b 
1 . 0  
1 . 4  
1 . 8  
2 .2  
2 .6  
3 . 0  
3 .4  
3 . 8  
4 . 2  
4 . 6  
5 . 2  
6 . 2  

c 

. 0 0 2  

.07 

. a 7  

. 0 5  

. 0 5  

.04 

.04 

.03 

.03 

. 0 2  

.01 
0 
0 
0 
0 

. 0 4 7  

. 0 0 6  

. 4 2  

. 4 2  

. 3 9  

. 3 7  

. 3 3  

. 2 7  

. 2 2  

.17 

.13 

.10 

. 0 7  

.04 

.01 
0 

.324 

ra’rn 

.010 

. 8 7  

. 8 4  

. 7 9  

. 7 4  

. 6 7  

. 5 9  

. 5 2  

. 4 4  

. 3 6  

. 2 9  

. 2 3  

. 1 7  
-11 
.04 

. 6 7 9  1 . 882  

. 0 1 8  

1 . 0 0  
. 9 9  
. 9 9  
. 9 9  
. 9 9  
. 9 8  
. 9 5  
. 9 1  
. 8 7  
. 8 1  
. 7 5  
. 6 8  
. 5 6  
. 3 6  

. 9 5 8  

Collection efficiency (Tr = 1750’K) 

Probability 
of 

occurence 

.042 . 0 0 2  

.288  . 0 1 4  

. G O 3  . 0 3 8  

. 040  

. 2 7 4  

. 5 6 5  

. 1 5 3 5 0  

. 1 5 2 3 4  
, 1 4 0 6 9  
. 1 2 4 8 0  
. l o 6 4 0  
. 0 3 7 1 8  
. 0 6 8 6 2  
. 0 5 1 9 2  
. 0 3 7 9 2  
. 0 2 6 3 6  
. 0 1 7 6 9  . O l i 4 1  
. 0 1 1 2 8  
.0444 

5 7  



TABLE 13 

.os4 

.376 

.687 

.809 

.861 

Tabulated values of energy efficiency (q,) and collection 
efficiency for a 12 n, 55' rim angle and 2 mrad standard 

b 

.002 .052 

.014 .362 

.038 .649 

.075 .734 

.124 .737 

deviation mirror. 

15  minutes misorientation error. 

Average 
error 
(mrad) 

.2 

.b 
1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 
3.8 
4.2 
4.6 
5.2 
6.2 

c 

.002 

.10 

.09 

.07 

.06 

. 05  

.04 

.04 

.03 

.02 

.01 

.01 
0 
0 
0 

.061 

.006 

.56 

. 5 5  

.52 

.48 

.42 

.35 

.29 

.21 

.15 

.11 

.08 

.06 

.02 
0 

.423 

/r 

.010 
3 n  

.96 

.92 

.89 

.84 

.77 

.70 

.62 

.54 

.46 

.37 

.30 

.23 

.13 

.06 

.773 

.014 

.99 

.98 

.98 

.96 

.94 

.91 

.80 

.73 

.67 

.59 

.51 

.39 

.23 

. a6 

.311 

.a18 

1.00 
.99 
.99 
.99 
.99 
.98 
.97 
.95 
.91 
.87 
.82 
.76 
.66 
.48 

.969 

Collection efficiency (Tr = 1750'K) 

I lJrrn p- .018 

Probability 
of 

occurence 

.15850 

.15234 
,14069 
.12480 
.lo640 
.08718 
,06862 
.05192 
.03792 
.02636 
. 01759  
.01141 
.01128 
.0444 

5 8  



TAELE 1 4  

ra’rln ‘ I B ~ R ~ E  RL 

.002 .068 .002 

.006 .434 .014 

.010 .700 .038 

.014 -808 .075 

.018 .855 .124 

Tabu la t ed  v a l u e s  of  energy e f f i c i e n c y  (q,) and c o l l e c t i o n  

‘IC 

.066 
,420 
.662 
.733 
.731 

LI 

e f f i c i e n c y  f o r  a 12 m ,  65O r i m  ang le  and 2 mrad 
d e v i a t i o n  mirror .  

Average 
e r ror  

(mrad) 
~ 

.2 

.6 
1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 
3.8 
4.2 
4.6 
5.2 
6.2 

c 

15 n i n u t e s  m i s o r i e n t a t i o n  e r r o r .  

.002 

.12 

.11 

.10 

. 08  

.07 

.05 

.04 

.03 

.02 

.01 

.01 
0 
0 
0 

.077 

.006 

.67 

.64 

.69  

.55 

.47 

.39 

.31 

.24 

.18 

.13 

.09 

.07 

.04 

.01 

.488 

ra’rm 
.!I10 

.96 

.94 

.90 

.84 

.72 

.64 

.56  

.48 

.40 

.33 

. 26  

.19 

.10 

. a 0  

.788 

.014 

.99 

.98 

.97 

.96 

.94 

. 90  

. 0 5  

.80 

.75 

.68 

.61 

.53 

.43 

.28 

.910 

.Oi8 

1.00 
.99 
.99 
.99 
.99 
.97 
.36 
.92 
.87 
.84 
.79 
.73 
.65 
.50 

.363 

s t a n d a r d  

Probabi  1 i t l  
of 

occurence  

.15850 

.15234 

.14069 

.12480 

.lo640 

.08718 

.06862 

.05192 

.03792 

.a2636 

.01769 

.01141 

.01128 

.0444 

C o l l e c t i o n  e f f i c i e n c y  (Tr = 1750’K) 

59  



TABLE 15 

1 mir ro r  r a d i u s  ( m )  
1 f o c a l  l e n g t h  ( m )  

1 2  

1 4 . 5  

r i m  a n g l e  (deg rees )  4 5  

speed  
c o a t i n g  e f f i c i e n c y  

.6  

. 9  

blockage  e f f i c i e n c y  
c a v i t y  temp ( O X )  

p e r c e n t  convergence 
m i r r o r  s u r f a c e  q u a l i t y  

(mrad) 

. 9 8 7  

1 7 5 0  

. 7  

0 

m i s o r i e n t a t i o n  e r r o r  
(min) 15  

i n t e r c e p t e d  energy (W) 6 2 8 8 2 1  

I . 0 2 4  
. 0 7 2  
- 1 2 0  
. 1 6 8  
. 2 1 6  

6 0  



4. 1 G e n e r a l  c c ~ n s i d e r a t i o n s  

T o  s i i n q l i f y  t h e  d y n a m i c s  o f  t h e  p o k e r  s t a t i o n ,  the zt-rt-hnr 

h a s  c h o s e n  a s u n  p o i n t i n g  s y s t e m .  T h i s  e 1 i m i n a . t e s  a n y  

pro t r lemc;  o f  t r a n s m i t t i n g  p o w e r  throt-!rjh a g i m b a l .  i he  d e s i g n  - 

will r e v o l v e  a r o u n d  a = . i n g l e  r o t a t i n g  qroc1.p c o n s i . s k i n g  o f  a 

s i n g l e  3 t a .3e  c e n t r i i u g a l  c o r n p r e s s o r  a n d  t u r b i n e  and a . s i n q l e  

p o l e  p a i r  a l t e r n a t o r  a1 1 o n  a cornran  s h a f t ,  much l i k e  t h e  

G?riret.t EE!J' 5 d e v e i  u p p e d  f o r  NASA a dcrade ago <see f i (;i-iire 

13).  The p r o b l e m  cf a t t i t u d e  c o n t r o l  i n  t h e  fa .ce o f  =peed 

. v a r i a t i o n s  cif t h e  t u r b o m a c h i n e r y  n e e d s  t o  b e  a d d r e s s e d .  

F i g u r i .  14 is a goc~d d z s i 3 n  c h a r - t  -for d i m e n s i o n i n g  t h e  

tL! r l_7omarhinery .  T h e  c h o i c e s  o f  s p e c i f i c  speed? Nc-? and 

r p e c i f i c  d i a m e t c l r ,  Ds!, ( d e f i n e d  b y  e q u a t i o n s  4 a n d  5 )  are  

eI-idlESEj? e v e n  w i t h i n  a d e s i r e d  e f . S i c i e n c y  i -ange .  'To d e + i n e  

the  p r o p e r  r e g i a n  of o p e r a t i o n ,  cne needs to c o n 5 i d e r  the 

a e r o d y n a m i c ,  s t re55  a n d  b e a r i n g  l i m i t a t i o n s .  

T h e  b e a . r i  n g  1 i m i  tati o n  e n c o u n t e r - e d  i n m o s t  t u r b a p u r n p s  

c l ~ e s  n o t  a p p l y  h e r e ,  s i n c e  % h i 5  c o n f i g u r a t i o n  USES a i r -  

b e a r i n g s  w i t h  no m e c h a n i c a l  c o n t a . c t  b e t w e e n  t h e  s h a f t  a n d  

f G i l  b e a r i n g  s u r f a c e .  O f  more c o n c e r n  wm-tld b e  t h e  l a h r i n t h  

type s e a 1 5  o n  E i t h e r  end o f  t h e  a l t e rna to r .  The wcj rk ing  

pre5~i i . i r -e  d i f f e r e n t i a l  acres!; t h e m  is n o t  severe,  b u t  t h e  h i g h  

t e m p e r a t u r e s  o n  t h e  t u r b i n e  s i d e  m i g h t  C ~ L I E E  same c o n c e r n .  

A tnaximcrm (If ,510 rnls w a s  i i n p o ~ e d  o n  t h e  r o t a t i n g  

c o m p o n e n t =  r - i  m s p e e d  t o  a v o i  d p o t e n t  i a1 f a i  1 ur -es  d u e  t o  c r e e p  

or  r o o t  stress.  E: : i '3 t i r lg  gas t u r b i n e s  c ? p e r a t e  w i t h  r i m  speeds 
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is a f a c t o r  cif s a f e t y  o f  1.7 f o r  a r i m  speed at: LlC) m / s .  

F l u i d  m e c h a n i c 5  a l ~ a  i m p o s e s  s. n-tiniiiii-m - - . c c e p t a b l e  r i m  

s p e e d  $ o r  t h e  g i v e n  enthalpy r i ! s e  n f  i50 m,/s3 : l a b e l l e d  " l i m i t  

l i n e  f a r  d y n a m i c  pumps" i n  f i g u r e  14. E e t w e m  t h e s e  

c ( m s t r a i n t s ,  t h e r e  is  a c h a i c e  b e t w e e n  t h e  d e s i r e d  h e a d  r i  %e 

a.nd the o b t a i n a b l e  e f f i c i e n c y ,  bo th  s u b j e c t  t o  th r= .  s p e c i f i c  

t ieat i m o 1 e c : u l a r  w e i g h t )  of the wor1::inrlJ f l i u i d .  The o b j e c t i v e  

is t o  c h o o s e  a m i x t u r e  w i t h  a m o l e c u l a r  w e i g h t  t h a t  i 5  as low 

a s  p o 5 ; 5 i t l e  t o  i i n p r o v e  t h e  l i e a t  t r a n s f e r  e f f e c t i v e n e s s  of t h e  

r e c u p e r a t o r .  T h e  r a t . i o n a l e  f a r  t h i s  i z  di:sci-i5zied i n  c h a p t e r  

2. 

4 . 2  T u r b i n e  d e s i g n .  
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I n  moct gas t u r b i n e  a p p l i c a t i o n s ,  t h e  t u r b i n e  iz. t h e  most 

h i g h l y  5tres5ed c o m p o n e n t  o f  the r o t a t i n g  gi-ol-\p, b e i n g  

s l - t b j s c t  t o  t h e  h i g h e s t  t e m p e r a t u r e s  a n d  o p s r a t i n g  a t  . t h e  

I-I i g h e s t  r i m s p e e d  A 5  p r e v i  ~ ~ 3 1  y d i  s c u c , s e d  w e  a r e  1;jOi n g  ~ I I  

l i m i t  the l a t t e r  ta &l(l m/5, W i t h  t h i s  i n  m i n d ,  o n e  can 

p r o c e e d  t i 7  f i n d  t h e  ~ ~ e c r m i 2 t i - i  r.s.1 p r o p e r t  i a+ t h e  i inpel  I er .  

r3ne m u s t  = . ta r t  b y  cornpi-tting t h e  h e a d  1 ass r e q u i  r e d ?  d r f  i n e d  

by 

c.ri-iere Cp = (yi’r-1) E/,‘(,. E i g h t  a w a y ,  t h e  c h o i c e  a f  . t h e  

m o l e c u l a r  w e i g h t  a i f e c t s  t h e  de! s ign .  Lower  i n g  t h e  no1 ecul a r  

wsi g h t  i n c r e a s e s  t h e  head 1 os5 a.nd d r i  ves the s t a g e  

s f f i c i e n c y  t o w a r d s  lor.;er values. T h e  f l o w  c a e f d i r i e n t ,  ’? is 

d e f i n e d  G.= 

w h e r e  R i s  t h e  r i m  speed. F o r  r e a s o n s  oi. f l a w  s t a b i l i t y ,  

o n e  would l i k e  t o  keep the v a l u e  o f  y less t h a n  u n i t y .  At 

u r r i t y ?  t h e  f l o w  p a s s a g e s  along t h e  i i n p e l l e r  b l s .c le5  are 

p E r . f e c t 1 . y  r a d i a l  w h i l e  a t  v a l . ~ t e s  less  t h a n  u n i t y  t h e y  becume 

‘ b a c I:: M a r d ‘5 1 e a n  i n (J ’ . Addi t i  a n a l  l y ,  i f  o n e  o p e r a t e s  i n  

e n g l i s h  u n i t s ,  t h e  f o l l u w i n g  e x p r e s s i o n  r e l a k e s  c p e c i . f i c  

s p e e d  t o  d i arneter b y  
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T h i s  r e l a t i o n s h i p  i s  p l a t t e d  i n  f i g u r e  14  f a r - . y  = 1. T h i s  i s  

t h e  lower r i i n  s p e e d  l imit  l i n e .  T h i s  m e a n s  s i m p l y  that f' 2.1 

is n o t  a c c e p t a b l e .  Sa illne n c r m a l l y  w o u l d  p i c k  a n  o p e r a t i n g  

p a i n t  i n  t h e  r e g i o n  1af highest e f S i c i e n c y  .to t h e  r i g h t  o f  the 

a p p r o p r i a t e  l imit  l i n e .  A s  r n e n t i  oned ear 1 i er ?; h a w e v e r  o n e  

w o c i l  d 1 i !::e t o  choose a 1 cw mol ecul 3.t- w p i  g!-lt  war $::i 1-19 f 1 ui d .  

I+ t h e  r i m  s p e e d  is h e l d  c o n s t a n t ,  l o w e r i n g  the gas m i x t u r e  

maleci-ilar w e i g h t  s ~ i l l  i n c r e a s e  t h e  h e a d  ri!z.e Ceq. 11 a n d  t h e  

+ l o w  c o e f f i c i e n t  Ceq 217 a n d  r c - d u c e  t h e  pradi-i.ct Ns Us Ci--q. 

.:%I. S e l e c t i n g  ton l o w  a incjlect-ilar w e i g h t  wc.ul!rl i l o n s t r a i n  the 

c p e r a t i n g  p a i n t  .to r e g i o n s  of p o o r  e f f i c i a - i c y  (see f iqi-! . re  

13). T a b l e  16 p r e s e n t s  the  s p e c i f i c  h e a t z ,    head lasses ,  f l o w  

c o e f f i c i e n t s  a n d  ma.ximii-i.m a , c h i e v a b l e  sta.ge e f f i c i e n c i e s  a s  a 

.f uric t i o n  o f  r~ a.5 m i  :.: t 1 . r  E, mol ecu 1 ar wei g h t  . Frcjm this data, a 

m c l e t u l a r  w e i g h - t  of 40 wa= selected. T h e  a t t e n d a n t  h e a d  l ass  

is  2713i: ) iX) 5 i k g  a n d  t h e  - F l o w  c o e f f i c i e n t  is 0.728. 

S u b s t i t u t i n g  the f l a w  c o e f f i c i e n t  i n  e q u a k i o n  3 a n d  p i c k i n g  a 

e - - '  Aw3ign p a i n t  w i t h i n  t h e  40% e f f i c i e n c y  c o n t o u r  3 i v e s  

- 

7 

T o  cal  cul ate t h e  y w x i i e t r y  c2.f t h e  i inisel 1 er d i  SI::, o n e  n e e d s  t o  

express t h e  n o n d i m e n ~ l a n a l  s p e c i f i c  s p e e d  a n d  d i a m e t e r  i n  

terms o f  p h y s i c a l  p r o p e r - t i e s ,  n a m e l y  
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TABLE 16 

6 0  

, -  

Turbine performance vs. working fluid molecular weight. 

I 
8 0  I 

M 
He - Xe molecular weight 

t 1 

gH 542,000 2 7 1 , 0 0 0  

1 0 3 9 . 5  I 5 1 9 . 7 5  I cp I 
1 . 4 5 7  1 0 . 7 2 8  

3 4 6 . 5  I 259.875 1 
! 

1 8 0 , 6 7 0  1 135 ,500  j 
I I 

0 .486 I 0.364 1 
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where B a n d  s r e  t h e  v o l u m e t r i c  Slaw rate a n d  t h e  r o t a t i o n a l  

.f r e q u e n  c y . The=.e n o n - d i m e n s i o n a . 1  g r o u p s  are  r e l a t e d  t o  t h e  

s n g l i s h  q u a n t i t i e s  b y  

So i n  n o n d i m e n s i o n a l  u n i t s  these  value^, become 

2e.fot-e p r n c e e d i n g ,  we nec-d t o  selr-ct  e i t h e r  .A o r  E.  F o r  

c m n v e n i  en-k el s c t r  ical d e s i  a n ?  t h e  autl-toi- choo5es t o  have  a 

s i n g l e  p o l e  p a i r  a l t e r n a t o r  s p i n n i n g  a t  30!) rev /s ;ec  w h i c h  

g i v e s  3!X) Hz a t  ra ted p o w e r .  T h e r e f o r e ,  . t h e  c o m p r e s s o r ,  

L- - ? a l t e r n a t o r  a n d  t u r b i n e  w i l l  a l l  spin a t  48,!>i:!O rpm tnr d-1Lh.b 

rad/s,;ec. T h i s  i m m e d i a t e l y  f t xes  the r a d i u r ,  o f  t h e  i m p e l l e r  

t o  12.14 cm.  T h e  v o l u m e t r i c  f l o w  r a t e  c a n  b e  c , i m p l y  fac!nd 

f r o m  C 4 1  

Etnd is  e q u a l  t o  4 .314 m /ZFIC. Ftncjther way c r f  w r i t i n g  [ b l  

w o u l d  be 

8 = 2  R b V r  c - 7 1  

w h e r e  R is t h e  i m p e l l e r  r a d i u s ,  b is  t h e  . f l o w  p a s s a g e  w i d t h  
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a t  the rim a n d  'Jr i s  %he ! s c t b s o n i c j  r a d i a . 1  gas \ ; E l o c i t y  a l ~ o  

the r a d i a l  gas flalrJ i n  t h e  r c j t a t i n g  -frame, o n e  cx r  f i n d  ',Jr 

i TI d i r ec t 1 y t t i  r ough e n e r  9 y c i3n ser vat  :i o n .  15 i veri 

w h e r e  Tin is t h e  ma:.:imcim t u r b i n e  i n l e t  t e m p e r a t u r e ,  o n e  E a n  

solve f a r  Vr y i e l d i n g  

c41 

P r o p e r  s u b s t i t u t i o n  crf t h e  a p p r o p r i a t e  values g i v e r ,  a r a d i a l  

gas v e l o c i t y  o f  363 m/sec. Then f r o m  e q u a t i o n s  4 a n d  7 me  

o b t a i n s  t h e  r-atia o f  flow passage w i d t h  t o  i m p e l l e r  r a d i u s  

f I- o m  

T h i s  f i n a l  v a l u e  is, ( 3 .  123. The f i n a l  g e o i n e t r y  i s  s k e t i l h e d  i n  

. f i g u r e  15, a l o n g  w i t h  t h a t  o f  t h e  c o m p r e s s o r .  

4 . 3  Compre!ssar  d e s 1  g n  

T h e  compressor i s  s i z e d  i n  exactly t h e  same fashion a s  

t he  t u r b i n e .  T h e  head r i s e ,  i n  t h i s  case is 
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T h e  5 p e c i . f i c  h e a t  has a l r e a d y  b e e n  d e t ’ e r m i n e d  a n d  ZL = 1 .714  

f r o m  the !r:,cle a n a l y z i s .  T h e n  t h e  h e a d  r i s e  i s  143, 192 J/I.::g. 

F o r  c o n v e n i  a-lce, i f P J ~  choi352 t h e  same n c n - d i  mens iona .1  

s p e c i f i c  -,peed a n d  d i a m e t e r  f o r  t h e  c o m p r e s s o r  as t h e  

t u r b i n e ,  t h e  r i i n  s p e e d  c a n  b e  f o u n d  f r o m  

and y i e l d s  a value f o r  n r = 444 m / s e c .  T h e  vo l  umetr i c + 1 o w  

ra te  c a n  t h e n  be found  f r o m  e q u a t i o n  5, r e m e m b e r i n g  t h a t  

has t h e  s a m e  va l i - ie  f o r  a11 o f  t he  r o t a . t i n 3  c o m p o n e n t s .  B 

t h e n  b e c o m e s  1.657 m /sec. I f  one c a n  ar-sume t h a t  t h e  

i m p e l l e r  d i s k s  r e m a i n  similar g e o m e t r i c a l l y ,  t h e n  t h e  r a t i o  

b / R  s t a y s  t h e  same at . 128. T h e  r a d i a l  g a s  v e l o c i t y  then 

r e s u l t s  f r o m  e q i - r a t i o n  1Q a n d  is equal til 2 A 4  m/ ! ; ec .  The 

t e m p e r a t u r e  5 f  t h e  gas a t  t h e  i m p e l l e r  r i m  c a n  Gr- f o u n d  frrJm 

equ.a.ticx-1 3 a n d  is 319 K. T h e  speed o f  s o u n d  a t  t h a t  p o i n t  

15 332 m / . s .  T h i s  implies t h a t  t h e  r x l i a l  gas f l o i ~  i n  the 

r o t a t i n g  f r a m e  is a t  M = (5.79, w h i c h  is a b i t  h i g h  f o r  t h i s  

a p p l i c a t i o n .  R e c a s t i n g  the e q u a t i c j n  f o r  b / R  C 1 0 1  i n  tw-rris cjf 

Mach n u m b e r  

t 17-1 
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C 141 

- 
the speed o-f s o u n d  at t h e  rim is 345.5 m/s a n d  . t h e  di+-fr_l.ser 

T h i s  allows us t o  Mach number  i n  t h e  r e s t  fra.iTie is 1.42. 

L!I t i  matel y cal  ccil a t e  t h e  cvcl 2 peal:: p r e s ; c , u r e .  !4e !::now t h a t  

w h e r e  rn i z  t h e  m a s s  f l o w  t h r o u g h  t h e  c y c l e .  W i t h  a get5 

m c r l e c u l a r  w e i g h t  of 40, .the mass .flow w o r k s  cut to 0.7051 

I.::g/r,ec: a n d  t h e  d e n s i  ti/ becomes  0 .  4256 kg/m . T h e  c i impres -  

s i b l e  f l o w  f u n c t i o n  f o r  d e n s i t y  i s  

- .  

50 t h a t  t h e  f l a w  stagnate= i d e a l l y  t c j  a d e n s i t y  o f  0.32  l::g/rn 

S i n c e  the t e m p e r a t u r e  at , t h a t  p o i n t  is 562 k::? t h i s  g i v e s  a 

c y c l e  peal:: pressure o f  

T h i s  c a r r e s p o n d s  t c r  1.25 a t r n o z p h e r e s .  a very a c c e p t a b l e  
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c .J. 1 F e r s p E c t i v E  

T r a d i t i o n a l l y ,  t h e  wa;-,te h e a t  r.aziiata-s o f  a E r a y t i l n  

cyc le  were t h e  most mass ive  c o m p o n e n t s  of t h e  s y s t e m .  

Ther rnodynami  lzs d i c t a t e  a n o n  i s o t h e r m a l  t-alii a t o r  de - j i  gn, 

w h i c h  n e e d s  i n c r e a s i n g  area t o  r a d i a t e  p o w e r  a.2 t h e  

t e m p e r a t u r e  d r o p s .  P r e v i o u s  d e s i g n s  used  a r g a n i c  c c m l a n t s  

w h i c h  c o u l d  n o t  o p e r a t e  much ahrJve 5!7(:) b::. T h e  e f f e c t i v e  

t e i i t p e r a t u r e  ( t h a t  w h i c h  wm.c1 d d i  ssi p a t e  t h e  r e q u i r e d  power i f 

t he  r a d i a t o r  was i s c j t h e r m a l )  was , t h e n  quite law. T h e s e  t w o  

r!=a!son5 w e r e  p r i i n a r i l y  r e s p o n s i b l e  f o r  t h e  l a r g e  ma55es of 

t h e s e  d e s i g n s .  T h e  k e y  t o  t h i s  d e s i g n  is t h e  h i g h  o p e r a t i n g  

t e m  p er a t  ct r e . I n t u i t i v e l y ,  t h e  l o w e r  the b o t t o m  c : ~ l e  

t e m p e r - a t u r e ,  t h e  more work i s  a v a i  ] . a b l e  f r o m  t h e  s y s t e m .  

U n f u r t u n a t e l y ,  t h e r e  is t h e  baci::gt-oci.nd e a r t h  inf t -a - i - sd  

r a d i a t i o n  to c o n - t e n d  w i t h ,  w i t h  a n  e n e r g y  s p e c t r u m  t h a t  

c o r r e s p o n d s  t o  a b l a c k b o d y  r a d i a t i n g  a t  270 t:::. T h i s  e f f e c t  

c a n n o t  b e  i g n o r e d ,  s i n c e  the e n e r g y  t h a t  is b e i n g  r e j e c k e d  b y  

the c y c l e  is r i g h t  i n  t h a t  r a , n q e .  T h e r e f o r e  s p e c i a l  c o a t i n g s ,  

e tc .  are c i . ~ e l e ~ s .  T h i s  t h e n  i m p o s e s  a c o n f s t a . i n t  o r  a ma:.:imu.m 

v a l u e  on t h e  c y c l e  t e m p e r a t u r e  r a t i o .  

T h e r e  are  a l so  material cc r i s t r a in t s ,  n o t  o n l y  i n  t h e  

p h y s i c a l  p r o p e r t i e s  ( m e l t i n g ,  f r e e z i n g  p o i n t s )  o f  t h e  c o u l a n t  

a n d  i n  t h e  c h o i c e  o f  f i n  material, b u t  o f  c o m p a t i b i l i t y  of 

t h e  f i n  a n d  t u b e  material .to t h e  c o a l a n t .  A t  r a d i a t o r  it-1l.e.t 

t e m p e r a t u r e s  of 675 t:; c o r r o s i o n  p r o b l e m s  may b e  q u i t e  severe. 
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t h a t  reasan. A d d i t i o n a . l l y ,  t h e  material c h o s e n  +o r  t h e  p i p i n g  

c a n n o t  saf t e n  a t  r a d i a t o r  i n l e t  t e m p e r a t u r e %  f o r  b o t h  

micrimeteori te p r o t e c t i o n  a n d  i n t e r n a l  pre5;si-\re c o n s i -  

d er a t  i o n  s . J u d g i n g  f rum some s t r e n g t h  '4s. hour-s a t  

t a - n p e r a t u r e  c u r v e s ,  the t u b e  f i n  material has to h a v e  a. 

m e l t i n g  p o i n t  a t  least  twice  t h e  maximum wor1::ing t e m p e r a t u r e .  

I n  light a f  a l l  thesse f a c t o r s ,  m o l i b d e n u m  w a s  c h a s e n  Sot-  t h e  

r a d i a t o r  material a n d  p o t a s s i u m  s e l e c t e d  f o r  t h e  c o o l a . n t .  

F ' c t a s s i u m  is  a l i q u i d  metal w h i c h  f r e e z e s  a t  337 k::, s o  t h e  

minimi-irn c y c l e  t e m p e r a t u r e  w a s  r a i s e d  t o  350 K .  F u r t h e r  

t h o u g h t  inl-f.s% be  g i v e n  t o  the s t a r t  crp p r o b l e m  s i n c e  potas;s i i . -m 

ir; . F r o z e n  a t  room t e m p e r a t u r e .  A 76.7 t o  23.3 p s r l z e n t  ( b y  

w e i g h t !  mi:.: o f  p o t a s s i u m  a n d  s o d i u m  will lcwer t h e  f r e e z i n g  

point o f  t h e  m i x t u r e  t o  260 K, t h e r e b y  r e s o l v i n g  t h a t  

pr!2blrm.  F i g u r e  E l  i 5  a p h a s e  d i a g r a m  o f  m i : . : t i - i r P s  o f  N a K .  F o r  

p i r p o s e s  o f  a n a l y s i s  thmciqh, o n l y  p u r e  p o t a . = s i u m  w a s  u s e d .  

A n o t h e r  matter w o r t h  c o n s i d e r i n g  is t h e  r e l i a . b i l i t y  0 . f  

t h e  r a d i a t c r r c , .  H 1ea.l:: i n  a l i q u i d  c o o l a n t  .fir1 a n d  . t u b e  d e 5 i g n  

wou ld  p r o v e  d i s a s t r o u s .  A more r e l i a b l e  sys%em w o u l d  use a 

q u a n t i t y  o f  h e a t  p i p e s ,  e a c h  i n d e p r n d a n t  0 . f  t h e  o t h e r .  S i n g l e  

p u i n t  f a i l u r e  would t h e n  b e  e l i m i n a t e d ,  a n d  r e p a i r  c o u l d  b e  

ca r r i ed  out w i t h o u t  p o w e r i n g  down t h e  w h a l e  s y z t e m .  A gorjd 

s i m u l a t i o n  of t h e  p h y s i c s  of such a s y s t e m  a n d  some a l g o r i t h m  

t o  o p t i m i z e  a g i v e n  c u n f i g u r a . t i o n  w a 5  h e y o n d  t h e  s c o p e  of 

t h i ! z  t r ea t i se .  However, the a n a l y s i s  a n d  o p t i m i z a t i o n  of t h e  

more c o n v e n t i o n a l  f i n  a n d  t u b e  r a d i a t o r  w a s  a more r e a s o n a b l e  

t a s k .  It is g e n e r a l l y  a c c e p t e d  t h a t  t h e  m a 5 5  t.o p o w e r  r a t i o  
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o f  a h e a t  p i p e  r a d i a t o r  i s  less t h a n  its f : l o w - t y p e  c o u n t c r -  

p a r t ,  50 a n y  estimates made w i t h  t h e  l a t te r  s h o u l d  bE ccmsjer- 

v s . t i v e .  I Z i n a l l v ,  s i n c e  t h e  r a d i a t o r  i n  t h i s  d e s i g n  i s  - t h ~  

least  massive of. t h e  ma.jor c o m p o n e n t s ,  o f  t h e  p o w e r  C ~ C ~ E ,  

a n y  errors  i n t r o d u c e d  b y  c o n s e r v a t i s m  w i l l  b e  m i n i m a l .  

E: 
.A. 2 D e s i g n  C o n s i d e r a t i o n s  

T o  accoctnt +or some p r o t e c t i o n  a g a i n s t  micrometeorites, 

i t  is n e c e s s a r y  t o  a d d  m a t e r i a . 1  t o  t h e  m a n i f o l d i n g  a n d  . t h e  

t u b e s  f a r  sollie r e l i a b i l i t y .  T h e  q u a n t i t y  a d d e d  is a f u n c t i o n  

o f  the d e s i r e d  time t o  p e r f o r a t i o n .  T h e  d e s i g n  l i + e  crf t h i s  

system is 10 y e a r s ,  so t h e r e  is n o  n e e d  t o  p r o t e c t  t h e  sys tem 

a g a i n s t  t h e  1OF 000 y e a r  i m p a c t .  R e f  t 11 1 p r e s e n t s  some f i t t d  

r - m p i r i r a l  d a t a  f o r  micrometeorite i m p a c t s  a t  n e a r  e a r t h  

c o n d i t i o n s .  T h e  r e f e r e n c e  3 i v ~ s  c e r t a i n  f o r m u l a s  t h a t  r e la te  

p e r f o r a t i o n  r a t e  t o  s k i n  t h i c k n e s s .  These are p l r s t t ~ d  i n  

f i g w e  16b f o r  2024 a.lcrminium. R e a d i n g  o f f  t h e  p e s r , i m i s , . t i c  

cu rve ,  a 1i:) y e a r  l i f e  d i c t a t e s  a sI.::in t h i c l : : n e s s  of . 2  Em. 

F u r t h e r m a - e ,  t h e  a u t h o r  s ta tes  t h a t  t h e  e q u i v a l e n t  times f o r  

steel s h o u l d  b e  i n c r e a s e d  b y  a f a c t o r  of 10. M o l i b d e n u m  is 

e v e n  d e n s e r  t h a n  s teel ,  50 i t  is u n l i k e l y  t h a t  p e r f o r a t i o n  

w i l l  e v e r  o c c u r  d u r i n g  t h e  d e s i g n  l i f e  o f  t h e  r a d i a t o r .  

I n  t h e  p a s t ,  t h e  c l a s s i c  s h a p e  of a p o w e r  s y c , t e m ’ s  

r ad ia to r  c o n s i s t e d  of many s tacked  r a d i a t i n g  p a n e l s ,  a l l  

c c r n n e c t e d  .to i n l e t  a.nd ou t l e t  h e a d e r r ;  ( see f i g u r e  17 ) .  “The 

d e s i g n  made  f o r  c o n v e n i e n t  d e p l o y m e n t ,  b e i n g  p a c k a g e d  much 

l ike  t h e  s o l a r  c e l l s  o n  S k y l a b ‘ s  t e l e s c o p e  m o u n t .  S i n c e  t h e  
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Figure  1 6 a .  Freez ing  p o i n t  of NaK v s .  composi t ion 
121 
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Figure  1 6 b .  Me teo r i t e  punc tu re  ra te  vs. A l .  
s k i n  th i ckness .  [ 111 
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Figure 17. 3/4 view of Brayton Space Power System 
showing radiator manifolding detail. 
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d e s i g n  szems l iks  a good o n e ,  t h i s  ai-i,thor c h g s e  t o  q t i m i z g  

fhe c a n f i g u r a t i Q n  f o r  most p o w e r  r a d i a t e d  a n d  miniin1-i.m mass. 

The s i m p l e s t  o p t i m i z a t i o n  t o  v is i - !a l ize  i r ,  t h e  s e a r c h  f o r  . t h e  

o p t i  m-m ni-mber of  stacked panel 5 t h a t  r e s u 1  t= i n  t h e  1 east 

rna.c3r,. I f  t h e r e  w e r e  o n l y  o n e  p a n e l  i t  w o u l d  h a v e  t o  ca . r ry  t h e  

e n t i r e  h e a t .  l o a d ,  w o l - i l d  b e  v e r y  l o n g  a n d  h a v e  a large w e t t e d  

p e r i m e t e r .  Most o f  t h e  mass w o u l d  b e  t i e d  up i n  t h e  s i n q l e  

t u b e  c a r r y i n g  t h e  c o o l a n t . I f  t h i s  s i n g l e  p a n e l  w e r e  b e n t  i n t o  

a U t h e r e  wo~i . ld  be zercl  m a n i f o l d i n g  mas=. On t h e  o t h e r  h a n d ,  

i f  t h e r e  were h u n d r e d s  of  t h e s e  stacked .-lj.ssembl i e s?  t h e  h e a t  

l o a d  p e r  p a n e l  w o u l d  be q u i t e  small w i t h  a c o r r e s p o n d i n g l y  

small w e t t e d  p e r i m e t e r .  E u t  t h e  m a n i f o l d i n g  mas5 b e c o m e s  

p r o h i b i t i v e .  So a n  o p t i m u m  n u m b e r  ai s t a c k e d  a s s e m b l i e s  does 

exi i5 . t .  b l i t h i n  t h i s  o p t i m i m  s e a r c h  t h e r e  aic(? also ‘iub a p t i r n i -  

z a t i o n s  o n  t h e  w i d t h  a n d  t h i c l : : n e s s  o f  t h e  f i n s ,  c o o l a n t  

Reynolds n u m b e r  a n d  t h e  l e n g t h  of t h e  p a n e l s .  The wettrl-d 

p e r i m e t e r  is o n l y  a f u n c t i o n  of t h e  n u m b e r  of sta.rC::ed a55em- 

t i l i e 5  and t he  R e y n o l d s  n u m b e r  i n s i d e  t h e  p i p e .  

S i n c e  r e a . 1 i s t i . c  d e p l o y m e n t  s c h e m e s  a n d  S h u t t l e  p a c k a g i n g  

were f a c t o r s  i n  t h e  l a y o u t  of t h e  r a d i a t o r s ; ,  3 w i n g s  o f  

s t a c k e d  a s s e m b l i e s  s y m m e t r i c a . l l y  a r r a n g e d  a r o u n d  t h e  reciever 

c a v i t y  h o u s i n g  w e r e  e n v i s i o n e d .  T h i s  a n a l y s i s  d i d  n o t  

c o n s i d e r  - t h a t  some of t h e  d i s s i p a . t e d  e n e r g y  f r o m  o n e  w i n g  

w ! x i l d  b e  s e e n  b y  a n o t h e r .  F o r  t h a t  r e a s o n  2 w i n g s  m i g h t  h a v e  

b e e n  b e t t e r ,  b u t  t h e  p a c k a g i n g  bull:: o n  e i t h e r  s i d e  o f  t h e  

r e c e i v e r  h o u s i n g  may ncJt have f i t  i n s i d e  t h e  cargo b a y .  

W h i l e  c a r r y i n g  o u t  t h e  p r o c e s s  o f  o p t i m i z a t i o n ,  . t h e  
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p h y s i c a l  p r o p e r t i e s  a f  t h e  m a s s  f l o w  t i m e s  t h e  h e 3 . t  c - 7 p a c i t v  

od t h e  cyc! e W r J t - k i  nq  f 1 u i  d w a s  mat-ched by  t h e  cool a n t .  

. -  

5.3 S a d i a t o r  Mcjde l ing  

T h e  e q u a t i o n s  t h a t  mode l  t h e  h e a t  f l o w  i n  t h i s  

p a r t i c u l a r  esse t i e  i n  the t u t a l  h E 3 t  l o z t  a l o n g  t h e  tlube 

l s n g t h  t u  t h e  h e a t  f l o w  i n t o  t h e  p i p e  w a l l  a n d  f i n a l l y  t o  t h e  

h e a t  r a d i a t e d  from t h e  f i n s .  M a t h e m a t i r a l l y  t h i s  becomes 

dT1 dT 

d x 'y' = (1) 
r n d o t  Cp --- = -hf ( T l  - Tw pw = - 2 h l.mb[;---) 

eqn. C 0 1  I 

w h e r e  m d o t  Cp is t h e  m a s s  f l o w  times t h e  s p e c i f i c  h e a t  a f  

t h e  c o o l a . n t  

T 1  is t h e  l i q u i d  t e m p e r a t u r e  a t  t h e  core n f  t h e  p i p e  

Tw is  t h e  t w r i p c r a t u r e  cf t h e  p i p e  wall 

h f  is t h e  f i l m  c o e f . f i c i e n t  

pw i s  t h e  w e t t e d  perimeter 

h is t h e  f i n  t h i c k n e s s  

l a m b  is t h e  h e a t  c o n d u c t i v i t y  o f  t h e  f i n  ma.teria.1 

is t h e  t e m p e r a t u r e  g r a d i e n t  a t  t h e  . f i n  r o o t  

I f  o n e  c a n  a55ume t h a t  t h e  r a t i o  of t h e  wc711 t o  . t h e  l i q u i d  

t e m p e r a t u r e  r e m a i n 5  c o n s t a n t  a . l o n g  t h e  t ube  l ~ n g t h  o r  

Tw = b T 1  

t h e n  e q n . C 0 1 1  c a n  be r e w r i t t e n  as  

eqn . C C!2 1 
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dT1 
mdot Cp --- = -hf  T 1  ( 1 - b 1 pw 

d x 

C h e c k  f i g u r e  F:3 f o r  c l a r i t y .  I n t e g r a t i n g  f r o m  0 ( t h e  e n t r a n c e  

t o  t h e  p i p e )  t o  same d i s t a n c e  :.I down t h e  p i p e ,  t h e  l i q u i d  

t e m p e r a t u r e  a t  t h a t  p o i n t  h 2 c n m e s  

where T1 < C i )  is  t he  i n l e t  t e m p e r a t u r e ,  a b b r e v i a t e d  T i n .  We c a n  

a l s o  rewrite t h i s  e q u a t i o n  a5 

I f  t t ~ e  i n t e g r a t i o n  i s  c a r r i e d  o u t  a l c l n g  t h e  tatal l e n g t h  of 

t h e  p i p e ,  w e  c a n  o b t a i n  an  e:.:prec,c,ion f a r  t h e  exi t  t o  i n l e t  

l i q u i d  t e m p e r a t u r e  w h i c h  c a n  be d e f i n e d  as t h e  q u a n t i t y  mu.  

'7 ci v. t h f  pw 
L l  = m CI __-_ - - e;.:p -[ ( 1 - t j  ) ------- 

T i n  mdGt Cp 

So t h e n  eqn. C031 c a n  be w r i t t e n  s i m p l y  as 

A s s i g n i n g  z t o  t h e  d i m e n s i n n l e s s  q u a n t i t y  : . : i L ,  t h e  e x p r e s s i m  

f a r  t h e  wall t e m p e r a t u r e  becomes 
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2 
A ,.y 

Figure  18 .  R a d i a t o r  panel  s e c t i o n  and pane l  d e t a i l  
compr is ing  of 8 s t a c k e d  p a n e l  a s sembl i e s .  
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Un t h e  o t h e r  s i d e  of t h e  wall, a d i f f e r e n t  e n e r g y  ba.13nce 

h o l d s  f o r  t h e  h e a t  .t: low f r o m  t h e  f i n .  H e r ?  the a!s ,sumg,t i  rj1-1 i -3 

made t h a t  t h e  f i n  condl - tc t s  h e a t  I n  rJrlly nne d i m e n s i o n ,  ai..ray 

from t h e  p i p e .  I n  reality, the p r g b l e r n  i s  two d i m e n s i o n a l ,  

b u t  er-rtrrTj i n t r o d u c e d  a s  a resu l t  o f  t h i s  a s s u m p t i o n  a.re 

l -epoi - ted  CNNI t a  be v i r t u a l l y  i n s i g n i f i c a n t .  

w h e r e  e m  is t h e  f i n  e m i s s i v i t y  a t  t h r  a p p r o p r i a t e  w a v e l e n q t h  

s i g  is t h e  S t c - p h a n  Eol t rmann c n n s t a n t  

.--. - T s  is  t h e  background sink:: t e m p g r a t u r e ,  h e r e  .-:ti-) b:: 

i3ne b o u n d a r y  c o n d i t i o n  comes + r u m  e q n . C i E 1  a n d  t h e  o t h e r  f r o m  

t h e  f a c t  t h a t  t h e r e  c a n  b e  n o  t e m p e r a t u r e  g r a d i e n t  a t  t h e  f i n  

Then t h e  p o w e r  r a d i a t e d  p e r  p a n e l  b e c o m e s  

) dZ 
(2 

N 5 
--- - - - 2 l a m b  h 

F u r u l : a w a  CC)31 c o m b i n e d  eqnr,. CZ, (1~6, and (I? by t h e  method Ixf 

cal(:uluSj o f  v a r i a t i o n s  t o  come up w i t h  a n  e:!preI=,Sion t h 3 t  

r e l a t e s  a l l  the k e y  v a r i a b l e s  t u  t h e  d i s s i p a t e d  pcjwer.  Ills 

e q u a t i o n  s e r v e d  as a s t a r t i n q  p o i n t  f o r  t h e  o p t i m i z e d  d e s i g n  
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o-i t h e  + i n  a n d  t u b e  r x l i a t a r .  T h e  e q u a t i o n  is 3.5 f o l l o w s :  

w h e r e  'Tb is t h e  b a s e  o r  w a l l  t e m p e r a . t u r e ,  r e n a m e d .  See 

eqn. ca'j1. 

T h e  p r o g r m  t h a t  1zp t imiz t . s  t h e  B r a y t o n  p o w e r  -,:,*.stem 

c a l l s  a r a d i a t o r  d e s i g n  s u b r o u t i n e  w i t h  a d e s i r e d  d i s s i p a t e d  

p o w e r ,  an i n l e t  t e m p e r a t u r e ,  an o u t l e t  t e m p e r a t u r e  and  t h e  

m a s s  f l o w  ra.te times t h e  s p e c i f i i i c  heat  o f  t h e  c o o l a n t .  T h e  

s u b p r o g r a m  t h e n  o p t i m i z e s  t h e  r a d i a t o r  c o n f i g u r a t i o n  f r l r  t h e  

minimum mass (or  volume). T h i s  r e s u l t s  i n  a f o u r  v a r i a b l e  

o p t i m i z a t i l z n  +rlr a p a r t i c u l a r  d e s i g n  p o i n t .  T h e  v a r i  ab1 e= 

' S e v e r a l  o o n s t r a i n t s  need t o  b e  c o n s i d e r e d :  tihat -the 1 i q u i d  

f l o w  w i t h i n  t h e  r a d i a t o r  tubes r e m a i n  t u r b u l e n t  i n  a.11 sec- 

t i o n s  t o  a s s u r e  good heat t r a n s f e r ,  a n d  t1-1a.t t h e  d i s s i p a k e d  

pclwer is  s.lways a c h i e v e d .  ' T h e  R e y n o l d s  n u m b e r  wa.5 a r b i t r a r i  l y  

p i  cked a t  4(:)0i:), a number t h a t  resul %E, i n  b a r e l y  t u r b u l e n t  

f l o w .  Even  t h o u g h  h i g h e r  R e y n o l d s  n u m b e r s  wcruld resu.1.t i n  a 

l i g h t e r  d e s i g n ,  t h e  p r e s s u r r -  d r o p  i n  all t h e  p a s s a g e s  w a u l d  

b e c o m e  t o o  c o s t l y  i n  terms o f  p u m p i n g  p u w e r .  T h e r e - f o r e ,  a 

maximum of one I . : : i l o w ? t t  w a s  a s s i g n e d  . far  t h e  tast.::. T h e  

~ x p r e s j s i o n  f o r  t h e  p r e s s u r e  d r o p  ( i n  P a s c a l s )  . f r o m  E l a s i u s '  

t u r b u l e n t  f r i c t i o n  f a c t o r  C l i : ) l  i s  
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ITIU is t h e  c u o l a n t  v i s c o s i t y  

i i s  t h e  p i p e  d i a m e t e r  

V is  t he  c o o i a n t  v e l o c i t y  i n  the p i p e  

i3ne & h e r  v a r i a b l e  that was affected b y  t h e  ( r h o i c e  nf 

g e l a m e t r i c a !  p a r a m e t e r s  is t h e  f i l m  c o e f f i c i n n t .  I n  m k s  cI.nitr, 

i t  c o m b i n e s  t h e  d i m e n s i o n l e s s  Nuc,selt n u m b p r ?  t h e  

c c n d u c t i v i t y  of t h e  c o o l a n t  and t h e  p i p e  diz l .meter  t u  a r r i v e  

at 

T h e  , a S o r e m e n t  i o n e d  cos t  i s the t o t a l  vel i-me or  

t h e  ra.,diatclr, c o m p r i s e d  o f  t h e  r z d i a t i n g  pane ls  

m a n i f o l d i n g .  The volume of t h e  p a - t e l s  i s  s i m p l y  

F'V = 2 N5 1 w h -1- Ns h t  1 ipw + p i  h t )  

The e : . : p r e ~ i s i a n  f o r  t h e  m a n i f o l d i n g  i s  a b i t  mare 

s i n c e  it- is t a p e r e d  t o  save mass. F i r s t  the c r o s s  

area i n  a p a n e l  is  c o m p u t e d  

3 
L 

P W  

4 p i  
= ---- 

irIa.sc, a f  

a n d  the 

e q n .  [(:!?I 

i n v o l  v ~ d  

s e c t i o n a l  
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I n  o r d e r  t o  m a i n t a i n  a c o n s t a n t  m a s s  f l o w  ra te  t h r o u g h  'thz 

m a n i f o l d i n g ,  t h e  m a n i f o l d  area a t  t h e  i s e c t i o n  will 
t h  

s i m p l y  b e  

T h e  l e n g t h  af a s e c t i o n  ( r e f e r  to f i g  R 3 )  is 

T h e n  t h e  t o t a l  v o l u m e  o f  t h e  m a n i f o l d  Serc;mes twice t h e  sium 

o f  a l l  t h e  i n d i v i d u a l  s e c t i o n s ,  s i n c e  t h e r e  are i n l e t  a n d  

I'd s 1 ,/2 
TMV = 2 )7 h t  ( 4  p i  M A ( i )  + p i  t i t i  L S  

i = l  
. e q n .  C i 0 1  

T h e  t u t a l  r a d i a t o r  v o l u m e  is t h e n  

TRV = PV + TMV eq17. C i i l  

5.4 O p t i m i z a t i o n  d e t a i l  

I t  is f a i r l y  c l ea r  t h a t  many c o m b i n a t i o n s  o f  Ns? L, w a n d  

h w i l l  s a t i s f y  t h e  r e q u i r e d  d i s s i p a t e d  p o w e r .  T h e  k e y  i s  t o  

f i n d  t h e  p a r t i c u l a r  o n e  that results i n  t h e  minimum mass. 

E q u a t i o n  8 c a n  be t h o u g h ' t  o f  as t h e  c o n s t r a i n t  e q u a t i o n ,  t h a t  

is t h e  q u a n t i t y  C!/N5 is always f i x e d  w i t h i n  a n  o p t i m i z a t i o n  

o f  L ,  w a n d  h .  'The number  o f  s t a c k e d  a s s e m b l i e s  (Nz) h a s  t o  

b e  an i n t e g e r ?  so t o  rerntrtve a d e g r e e  o f  f r e e d o m  f r o m  t h e  
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c o m p u t a t i o n s ,  t h e  D p t i l n a  orf L, w and h c a n  b e  p l o t t . e i  a.3 a 

f u n c t i o n  rJf Nc,. T h e  r e s u l t i n g  peal.:: i n  the  c u r v e  will  b e  'the 

q l o b a l  o p t i m u m  f o r  t h e  d e s i q n .  I n  a n  a b b r e v i a t e d  fm-in, 

eqn.C!:!87 c a n  b e  recast  as 

- rhe equat ion  t h a t  is b e i n g  o p t i i n i z r d  ( m a x i m i z e d )  i 5  

eqn. E 1 2 3  

e q n .  C 1:51 

The s i m p l e s t  way t o  d o  t h i s  is  b y  o n e  v a r i a b l e  a t  a t i m e ,  and 

then r e p e a t  t h e  p r o c e e d u r e  u n t i l  some c o n v e r g e n c e  c r i t e r i o n  

is met. The author rC?cogni 'zes t h a t  t h i s  method is i n e f f i -  

c i e n t ,  y e t  i t  is s i m p l e  t u  i m p l e m e n t .  For e x a m p l e ,  me  c o u l d  

s t a r t  b y  o p t i m i z i n g  w i d t h  t c ~ t  l e n g t h  w h i l e  h o l d i n g  t h e  t h i c k -  

n ~ ; 5 5  h c o n s t a n t .  T a k i n g  t h e  d i  f fei-entia1 sf e q n .  C121 g i v s s  

w h e r e  t h e  s u b s c r i p t s  mean t h e  p a r t i a l  o f  X I  w i t h  r e ! S p e c t  .to w 

(or  L) .  S o l v i n g  f o r  dL  g i v e s  

eqn. f 141 

S i m i l a r l y  .for e q n .  C131 
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O r  u s i n g  e q n . C l - 4 1  
X I *  

w h e r e  

dFHI  = ( F"iw - --- PHIL 1 l l w  = 0 
X I L  

a n d  E I c  (TRV)  - X I  (TF('v')c 
P H I t  = ----------__________--- 

TRV' 

s u b s t i t u t i n g  a n d  s i m p l i f y i n g ,  o n e  . f i n d s  t h a t  t h e  c o n d i t i m  

t h a t  n e e d s  t o  b e  m e t  is  

Notice t h a t  t h i s  r a t i o  i s  just t h e  " L a g r a n g e  m u l t i p l i e r "  i n  

t h i ! s  c o n s t r a i n e d  o p t i m i z a t i o n .  R s i m i l a r  e x g r e s s i o n  f o r  a 

t h i c k n e s s  o p t i m u m  c a n  b e  f m m d ,  b u t  m e t h o d s  t o  campl-!tc the 

a c t u a l  a n s w e r s  b e c a m e  v e r y  t i  me i n t e n s i v e .  T h e  q u i  c1::~s.t and 

eas i e s t  s a l u t i c r n  t u r n e d  ou t  t o  b e  t h a t  of  sl-!ccer,c,ive one 

d i m e n e i i o n a l   minimization^,. T h e r e f  ore t h e  e l e g a n t  m e t h o d s  w e r e  

d i s c a r d e d .  F o r  i l l u s t r a t i o n ,  t h e  p a r t i a l  d e r i v a t i v e s  a r e  

i n c l u d e d  i n  a p p e n d i x  C A I  f o r  p o s s i b l e  f u t u r e  U ~ C .  'rhp a u t h o r  

r e s o r t e d  t o  c o m p u t i n g  t h e  q u a n t i t y  r e p r e s e n t e d  b y  e q n .  C131 

a n d  m a r c h i n g  one d t r e c t i o n  a t  a t i m e  t o  t h e  maximum, Sa t i ! sy  

. f y i n g  t h e  c o n s t r a i n t  e q u a t i o n  a t  every z t e p ,  u n t i  1 t h e  maxima. 

c o n v e r g e d .  

5.5 O p t i m i z a t i o n  R e s u l t s  

A f t e r  all t h e  r e l e v a n t  e q u a t i o n s  w e r e  coded, t h e  
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subproqram d i d  indeed +it-id an optilnum r o n S i g u r a t i o n .  Frmm t h e  

thermodynamic c y c l e  a n a l y s i s ,  t h e  d e s i r e d  d i z s i p a t e d  powet- 

was to b e  1 1E17 10(3 b ja t ts  coining i n t o  t h e  rad ia tc l r r .  a t  ,&7:3 

and e x i t i n g  a t  350 K. The produc t  o f  c o o l a n t  mass f Iar4 and 

s p e c i f i c  h e a t  was t o  be 408 J/sPc/K, A s  d iscussed befot-3, 

t h e r e  a r e  3 wings o f  stacked panels .  T h e i r  overa.11 d inens inns  

wrI.::ed o u t  t o  1.7 by  11.6 meter5 e a c h .  c o n s i s t i n g  o+ 200 

s tacked  pane ls  i n  each wing. The actL!al c f  t h e  

a.ssemb1 i e s  w a s  computed t o  143.5 b:g. T h e  au tho r  added an 

a r b i t r a r y  20 per c e n t  t o  t h a t  f i g u r e  t o  a c c o ~ m t  . for 

deployment mechanisms and s t i f f e n i n g  brace5, as w e l l  <?.s 

ancjther 1. 55 t:X3/1.:::we ( 1. 1 KG/t:: :Wt) f lor t h e  wa.ste heat  

exchanger, Thereflare the  t o t a l  m a 5 5  o f  t h e  r a d i a t i l r  

system came o u t  t o  320 1::g. The optim-!m f i n  thic l : :ness 

worked . ou t  t o  0.016 c m .  w i t h  a cor respond ing  i n t e r n a l  t ube  

d iameter  of 0.354 cm. The power to c i r c u l a t e  t h e  roo l .ant  

.thro!.!cJh a11 o f  t h e  t u b e s  w a ! ~  o n l y  24 wat ts .  The p r e s , ~ i ~ . r ~  drop 

c a l c u l a t i o n  i 5  o p t i m i s t i c  s i n c e  t h e  p r e s s u r e  drops  i n  t h e  

m 3 n i f o l d i n g  were n u t  computed3 no r  t h a t  t h rough  t h e  waste 

heat  exchangers. F i g u r e  13 ~ - I G W S  t h e  s e n s i t i v i t y  of t h e  

geomet r i ca l  d imensions t o  t h e  number o f  s tacked  assembl ie~, .  

Glso n o t e  t h a t  t h e  s p e c i f i c  mass of  the=.e of f -opt imum des igns  

.da n o t  d i f f e r  f rom the chosen des ign  by more than  0 . 0 ’  

i::g/’I::We, which i s ;  n o t  too s i y n i f  i c a n t .  The re fo re  cme c o u l d  

conclude t h a t  s i n c e  t h e  r a d i a t o r s  i n  t h i s  desiqn a r e  t.he 

l i g h t e s t  components of t h e  power system, minor  ad jus tments  i n  

conf i quat  i on caul d be made w i  t h a u t  i n c u r r i n g  any g r e a t  
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p rin a 1 .t i e 5. 
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Table 1 7  

K 
- - 

NaK 
56/4Y 

.- -- 

P r o p e r t i e s  of liquid potassium 
and liqiud sodium - potassium 
(NaK) at 533 K 

CP K 

I 
I 
i 

i 
42 .74  I 

3.7 8 5 1  10 7 6  3.15 1 I 2 7 . 1 7  i 
I 

from ref C l 5 J  
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3.0 

2.0 

1.0 

100 200  

Number of s t a c k e d  r a d i a t o r  pane l s .  

300 

Figure  1 9 .  Radia tor  geometr ic  s e n s i t i v i t y  t o  t h e  
number of s t a c k e d  r a d i a t o r  pane l s .  
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T a b l e  IS is  3 s a m p l e  outpv.t f r o m  the p r o g r a m  1 i s t e d  i n  

t h e  back o f  c h a p t e r  2. T h e  c o m p o n e n t  e i f i c i e n c i e . s  a n d  the 

scal  i n g  v a r i  ab1 e5 are t h e  a u t h o r ’  5 b e s t  E s t i  mate o f  c u r r e n t  

t e c h n o l o g y .  The n u m b e r s  a r e  a resiv.lt o f  a.n o p t i m i z e d  s e a r c h  

t h r o u g h  c o m p r e s z o r  p r e s s u r e  r a t i o  z.nd cycle t w n p e r a t u r e  r a t i o  

space f a r  a minimum s p r - r i f  i c  m a 5 5  <Ki2,’KbJeI . T h e  t w o  

c o r i ~ t r a i n t ~  on t h e  isystem are 1 1  t h e  tc ;p  c y c l e  t:=.mperc?J:i-ii‘e 

!1.525 t < ) ?  p r e s c r i b e d  by t h e  m e l t i n g  p o i n t  o f  s i l i c o n  a n d  2 )  

‘-he bot tom r a d i a t a r  t e m p e r a t u r e  (350 b::) f l  c h o s e n  f o r  ease o f  

r a d i a t o r  d e s i g n  15re r h .  2 ) .  CIS such, t h e r e  i s  n o t  much roam 

f nr cycle t e m p e r a t u r e  r a t i  u var i a t i  ~ r 1 5  a n d  i s thFsi-Pf n r e  n o t  

the s e n s i t i v e  p a r a m e t e r .  C o m p r e s s c r r  pre::scire r a t i o ,  h a w e v e r ,  

~ ~ - i f + m - - ~  fr!,m n o  c o n s t r a i n t s  a n d  is f r e e  to f l o a t .  I t  cer, ters 

a rc jund  3.3 w i t h  an e f f i c i e n c y  o f  85%. T h i s  is well w i t h i n  the 

c a p a b i  1 i t y  cjf a s i n g l e  s t a g e  c e n t r i f u g a l  c o m p r e s . 5 o r  p u m p i n g  a 

f l u i d  w i t h  a molecular w e i g h t  o f  40. T h e  t o t a l  s p e c i f i c  m a s 5  

o f  t h i s  s y s t e m  t h e n  c a l t c i - i l a t s s  aut  to 28. 5 f:::G/I.:::bje. T h e  

- 

L 

c o n t r i b u t i o n s  are  8.3 KG/i3& f o r  t he  c o l l e c t o r ,  l(5.5 I:::G/t:::We 

f i r  t h e  receiver (mass af s i l i c m  i n c l u d e d ) !  5.5 l::G/f:::We f n r  

t h e  r e g e n e r a t o r  and 3.5 t:::G/KGJe f o r  t h e  r a d i a t o r  s y s t e m .  S i n c e  

t h e  c o m p r e s ; s o r  a n d  t u r b i n e  a r e  made of. c a t - b o n / c a r b n n  

c o m p o s i t e s  a n d  are t h e r e f o r e  v e r y  l i g h t ,  n o  a t t e m p t  W G S  m a c l e  

.ta scale  t h e  r o t a t i n g  g r o u p ,  as t h e i r  c o n t r i b u t i n n  is w e : l I  

w i t h i n  t h e  u n c e r t a i n t y  o f  some o f  t h e  o t h e r  majclr componen’ks 

s c a 1 i n g var  i a b  1 e s . 
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Table 18. Sample output from cycle optimization. 

Ma.:: i mct.m cycle t e m p e r a t u r e  1-53:) 
Compressor e f f i c i e n c y  .85 
T c t r b i n e  e i f i c i e n c y  .3 
A l t e r n a t o r  e f f i i i e n c y  . Q  
F:eflector e f f i c i e n c y  ,131 
S.);stF;iri p r e s s u r e  1 ~E,F+FIE .IO 
Feat  of f u 5 i o n  of s t o r a g e  m e d i u m  427 tc;j/31* 
H e a t  s torage ef f i c i  e n r y  -3 
H e a t  s t a r a g e  c o n t a i n m e n t  structure f r a c t i o n  1.2 
R e g e n e r a t o r  E f f e c t i v e n e s s  .3 
!-!eat e x c h a n g e r  e f f e c t i v e n e s s  .? 
r h .  ref l e c t o r  2. 1 tcjim' 
M u  r a d  i a t  or 4.7(70 Kg i K d c  

R e g e n e r - a t ~ r  a . l p h a  5 . 2 2  K g / t < d i :  - -  

Pre!ss r a t i o  T h e t a  t 'Total m / p  
R e f 1  m / p  Storage n i p  R e g e n  m / p  Rad I T I / ' ~  

TAIJ C TAU T CYCLE EFF. !q I <AIL 
T r a d  i n  ('K) T r a d  out ('6) THERM EFF 

POWEH(WATTS) TO DISSIF'ATE = 118098.1 
MDOT*CP IWATTS/DEG t::) C)F SYSTEM 407.1986 
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s i n g l e  romporlent5 o f  E r a y t o n  S y s t e m s .  A s  t h i  5 i - e = e a r r h  [3pgai17 

a lot. rJf z f f o r - t  was e x p e n d e d  i n  ~ i i o d e l i n g  t h e  r a d i a t o r z ,  t o  

c!T)ine up w i t h  a n  accr-(rate es t imate  of  m a s s .  T h e r e f  me ,  t h e l - ~  

is c o n f i d e n c e  i n  t h e  r a . d i a t o r  s p e c i f i c  ma.55. Iiei-e, t h e  

r a d i a t s r  has .tiecame t h e  l e a s t  m a 5 5 i v ~  c o m p o n e n t  oi t h e  

c -/-,tern. ., :- T h i s  is p r i m a r i l y  d u e  t o  t h e  e l e v a t e d  o p e r a t i n g  

t e m p e r a t u r e s .  T h e  sy.stem i tself  is a + i n  x i c l  t u b e  t y p e  

r a d i a t o r  b u i l t  c u t  o f  molybdenum w i t h  a m i x t u r c l  af  sodium i n d  

p l x t a s s i  urn sservi ng a s  the c o n 1  a n t .  

C n n s i d e r a b l e  e f f o r t  a l s o  w a s  e x p e n d e d  t o  mcbdc-1 t h e  

p e r f o r m a n c e  o f  t h e  c o l l e c t i o n  systi l in,  Gut r e l a t i v e l y  l i t t l e  

d a t a  was a v a i l a b l e  t o  sca le  the mazz.es a p p r o p r i a t e l y .  

P c r f o r m a n c e  was q u a n t i f i e d  i n  terms of  sur.F.ace a c c u r a c y  o f  

the mirror s u r f a c e  !mr-ad) a n d  s u n  p o i n t i n g  errgr. T h e  +ormer 

abviou51y is a f u n c t i o n  of mass;, a n d  f o r  a z e r o  inean,  1 mrad 

.=,tai-ldard d e v i a t i c r n  s u r f a c e  a s c a l i n g  c o n s t a n t  o f  2 .  1 kq/m 

was selected. T h i  s f i jure 1 i es w i  t h i  n t h e  r a n g e  o f  ac tua l  

h a r d w a r e ,  50 t h e r e  is also a h i g h  d e g r e e  o f  c o n f i d e n c e  

a s s o c i a t e d  w i t h  t h e  co l l ec to r  m a s s .  

T h e  r e c e i v e r  ic, t h e  most m a s s i v e  c o m p o n e n t  uf t h i s  

system, c o n t a i n i n g  a l l  o f  t h e  s i l i c o n  needed f o r  h e a t  s t o r a g e  

C1u.r-ing s h a d o w  p e r i o d s .  That a l o n e  i s  r e s p o n s i b l e  f o r  4.8 

l:::G/I.:::We of the receiver mass. T h e  r e z t  is t i e d  up :in 

z t r u c t u r - e ,  i n s u l a t i o n  and c a v i t y  t e m p e r a t u r e  c o n t r o l .  'The 

material u s e d  f o r  t h e  s t r u c t u r e  is s i l i c o n  c a r b i d e ,  !some (5 .5  

times l i g h t e r  t h a n  - t h e  r e f r a c t o r y  m a t e r i a l s  t h a t  h a v e  heen 
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uzlzd i n  t h e  p a s t  f a r  a p r a t o t y p e  E t 2 4 2 .  L1-1.t-i~ [r:)&] h5.5 ; = p e n t  

c o n s i  d e r a t i l  e e f f  a r t  madel i n g  the r 5 c e i v e r  ~ and has developed 

a g o o d  mass. mode l  f g r  t h i s  compi- jnent .  So t h e r e  i s  also a g o a d  

deqree o f  c o n f i d e n s e  filr the r e c e i v e r  z p e c i f i c  mass. 

No e f . f o r t  w a s  spent an p r c i p e r l y  m o d e l i n g  t h e  r e g e n e r a t o r  

a n t j  w a s t e  heat e : . : r h a n g e r ,  as t h e r e  is  a large data b a s e  +or 

e x i s t i n g  ones. A d d i t i a n a l l y ,  i n  t h e  e a r l y  s t a q e s  a f  t h i s  

r e s e a r c h ,  t h e  cycle optimized t o  a h i g h  p r e s 5 w - e  r a t i n  

7 .  =;+ ,I- Dteifi, w i t h  very l i t t l e  r e g e n e r a . t i a n  n e e d e d .  A in!>r? 

real i s ; t i  c E I ~ ~ - - E . ~ C , I ~ ~ I - I ~  a+ t h e  r a d i  a-trJr d e s i  121-1 i r a i  s;i rig k h e  

bo t t r Jm r a d i a t o r  t e m p e r a t u r e )  r e v e r s e d  t h e  t r e n d  a n d  t h e  

c..ycl e c o n v e r g e d  t o  a m o d e s t  pressi..w-e r a t i  o 5 y 5 t e m  w i t h  a 

s i g n i f i c a n t  a m o u n t  of r e g e n e r a t i o n .  T h e  s c a l i n g  v a r i a b l e  

sert ected +.- Llr the spec i . f ic  mass c a l c u l a t i o n  flmr t h e  

r e g e n e r a t o r  w a s  3.22 t:::G/t:::Wt, d e r i v e d  + r a m  r e f  E 'EI .  I n  

rett-or;piE1ct9 t h i s  f i g u r e  1:s u n n e c e s s s a r i  l y  1 a r g . e .  H e - F e r e n c e  

E051 d e s i g n e d  the i m i t  out of  re+ractcrry metals ,  and c i r -  

r l u l a t e d  a h i g h  molecular w e i g h t  i 80 )  worC::ing f l u i d  th ro t - tqh  

i t .  L a t e r  G a r r e t t  E071 d e s i g n s  h a v e  S r u u g h t  t h i s  . F i g c ~ . r e  dlljwn 

40 g/mole.  T h e r e f o r e ,  t h e  r e g e n e r a t o r  s p e c i f i c  miass is  SOITIP 

3.8 t i m e s  h e a v i e r  t h a n  need be. 

6 . 2  F'arametric s t u d i e s  

T o  p r o p e r l y  i d e n t i f y  t h i s  ~ y ~ t e r n ' s  s e n s i t i v i t y  .to t h e  

c h o i c e s  o f  5 c a l i n g  v a r i a b l e s  a n d  a s s u m e d  E f f  i c i e n c i e c , ,  a 

s e n s i t i v i t y  a r t a l v s i s  w s s  c o n d u c t e d  on a l l  t h e  r e l e v a n t  
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estimates were e x e m p t  from this a . n a l . y s i  s f a r  reason 5 

s e n s i t i v i t y  a n a l y s i s .  The f i r s t  q u a n t i t y  varied ( f i g .  2C)j 15  

t h e  co1:Lector s c a l i n g  c o n s t a n t .  The r a n g e  s p a n s  1.5 b::ai'm t a  

Since  t h e  ccll lector is a l r e a d y  a s i z a b l e  p o r t i o n  I Z J ~  t h e  power 

d i 5 . q l a y 5  a 5 1 . i g h t  d e p e n d a n c e  o n  t h i 5  s c a l i n g  c c n s t a n t  g o i n g  

p r e s 5 u r e  r a t i o .  R i g h t  awayr one c a n  i d e n t i f y  the n e e d  f o r  a n  

accurate number + o r  t h i s  scal  i rig c o n s t a n t  a 

c r n c e r t a i  n , its scal i n g  c o n s t a n t  w a s  v a r i e d  f i - a m  1 til 4 ai-id 

t h e  n o m i n a l  value was c h o c e n  at ._#. '73 _- C:::Git:::IJt. T h e  overa l  1 

c y c l e  e f i i c i e n c y  showed l i t t l e  s e n s i t i v i t y ,  v a r y i n g  f r o m  24.9 

t u  25.2 p e r c e n t .  T h e  s p e c i f i c  m a . s s  r a n g e d  f r o m  24.8 t o  29.8 

KG/l.:CWe, a s i g n i f i c a n t  v a r i a t i o n ?  i l l u s t r a t i n g  t h e  need f o r  a 

S e t t e r  est imate f o r  t h i s  s c a l i n g  c o n s t a n t .  

Fiyl-rrp 21 relates system s p e c i f i c  inzsss a n d  overal  1 

e f f i c i e n c y  t a  c o m p r e z s o r  a n d  t u r b i n e  e f f  i c i e n c y  v a r i a t i o n s .  

i3f t h e  t w o ,  e x c i - ! r s i ~ n s  i n  t c r r b i n e  et'f i c i e n c y  had t h e  mtri!st. 

i m p a c t  o n  system p e r f o r m a n c e ,  a l t h o u g h  n o t  b y  much. 

C a m p r e s s o r  e f f i c i e n c y  w a s  v a r i e d  .from 90 t o  ?C) percent., w h i i z h  

pushed t h e  c y c l e  e f f i c i e n c y  . f r o m  2Z.4 t o  25.7 p e r  c e n t .  

~ p e c i f i c  i n a s s  c o r r e s p o n d i n g l y  w e n t  dawn .from rJO.5  t o  25.9  4- 
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T 1::: i3 .I; 1::: bJ E. . irG!di t iGr la l  l y  t h e  t u r b i n e  ira.n ach ieve  iri 13 IC e 

e + f i r i e n c y  i n  a s t a g e  than  can a CnmprEssor, 50 t h e  

cmapressot- e f f i c i e n c y  was v a r i e d  f ro in  85 to 35 percen t .  Cycle 

e f f i c i e n c y  went -from 23.3 t o  26 .9  percen t ,  w h i l e  s p e c i f i c  

i n a s s  decreased ft-om 31.5 t o  25 kX/b::We. 

r. r iC31-ire 22 re1 a t e 5  i n si m i  1 a r  f a z h i  on a.1 t e r n a t r r  

e i f i c i e n c y  and s t o r a g e  e f f i c i e n c y  to s p e c i f i c  power and c y c l e  

e + f i c i e n c y .  O f  t h e  t w o  t h e  s t o r a g e  e f f i c i e n c y ,  which i . 5  a 

inore s e n s i t i v e  parameter. I t  war; v a r i e d  f rom E!:) t o  95 

percent ,  and pushed t h e  c y c l e  e - f f i c i e n c y  f rom 25.2 ta 29.3 

percen t .  The s p e c i f i c  mass went f rom 28.5 t o  24.3 I.:::G/C::WE:, a 

s f ign i f  i ca r r t  drop. T h i s  r e s u l t  i s  a b i t -  c o n t r i v e d ,  s i n c e  t h e r e  

was no ifia55 p e n a l t y  f o r  t he  e x t r a  i r15~1.l a t i  nn. The a1 t e r n a t o r  

r J + f i c i e n c y  also w a s  v a r i e d  i r o m  8(:) t o  45 percen t ,  a n d  

s i m i l a r l y  drclve t h e  c y c l e  E f f i c i e n c y  f rom 23.3 t o  2 6 . t  

percent .  The speciiic ~ i i a s e ,  dropped f rom 2 0  t o  27.2 t:::G/t::We. 

F i j u r r -  23 i l l u s t r a t e s  t h e  impacts  o f  t h e  regenera to r  and 

waste hea t  exchanger e f f e c t i v e n e s s  on c y c l e  e f f i c i e n c y  a n d  

s p e c i f i c  power. S ince  these u n i t s  a r e  s i m i l a r  i n  ft-i.ncticri, 

t h e i r  e f f e c t i v e n e s s e s  were v a r i e d  over  t h e  s a m e  range, namely 

f rom 25 t c l  35 percen t .  I d iscove red  .khat t h e  wa.5te hea t  

exchanger had a 1 a r q e r  i mpact on s y ! s t e m  per.f  ormance than  .the 

regenera ta r ,  undoubted1 y due t o  t h e  necessary added ma55 o f  

c y c l e  e C f i c i e n c i e s  . f r o m  24.2 t o  25.2 p e r c e n t  and drclve t h e  
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f a i r l y  c o n ! z t a n t t  l a r g e  f r a c t i o n  of t h e  poweiF s y s t e m .  A1c.o. as 

C L  L I  15 t e c h n o 1  0g.y 1 eve1 i ncreazes, ,the r e g e n e r - a t o r  t r ~ ~ n i ~ i e =  3. 

li..c,s s i g n i f i c a n t  p o r t i o n  0.6 t h e  syskrrm ina , ss9  t o  t h e  p o i n t  

w h e r e  i t  i n i g h t  be b e t t e r -  .to n e g l e c t  i t  e n t i r e l y .  

T o  p r e s e n t  t h e s e  resultrs i n  a b e t t e r  l t g h t ,  c o n s i d e r  tt7s.t 

o v e r  t h e  r a n g e  0.f  v a l u e s  of  t h e  p c r t u r b a t i o n s ,  t h e  d e c r e a s i n g  

o r d e r  o f  i m p a c t  is f o l l o w s :  r e f l ec to r  w ~ a l i n g  c o n 5 t a n t  (15 

t:::G/’t::;bJe) , t u r b i n e  e . f f  i c i e n c y  (5. b C:::Gil::’WE) r e g e n e r a t o r  zcal i n g  

c o n  s t an t (5 t:EG/t:::We) , s t o r a g e  e f f  i c i e n c ) :  (4 .  2. KGi ’KWE)  , 
c o m p r e s s o r  e f +  i c i  e n c y  ( 3 . 6  t:::G/t:Wei waste  h e a t  e x c h a n g e r  

e f f  r - c t i v e n e s s  (T. 1 t:::G,’l:34e) ,, a1 t e r n a t n r  e f f i c i e n c y  ( 2 . 5  

t:::G/I.:::We) and f i n a l  1 y ,  r e g e n e r a t o r  e . f f  e c t i v e n e s ; s  (1. 3 t:::G/t::IbJe) . 
T h i s  1 i z t i n g  s h o u l d  n o t  be t a k e n  a s  a n  ab ! s ,o lu t e  m e a s u r e  at’ 
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T h i  s t h e s i  s cet-tai n l  y hac ,  yal i d a t e t j  t h e  c o n c e p t  of ;-ti qh 

t F ; m p e r a t u r e  so l a r  B r a y t o n  cycle i . r i th  latent h e a t  o f  f i - i . s i ~ n  

e r i s r g y  s t c r a g e .  TI72 power s y s t e m  was a p t i i n i z e d  f n r  mii7iii;um 

sp et= i .f i c mass I, a.nd c a n v e r g e d  .to 25. 5 KGl~'I::14e. 'r tl E 

c w r e s p m d i n g  c y c l e  e f f  i c i 5 n i . y  w a s  25. 2 p e r c e n t .  T h e  a u t h o r  

d i d  n o t  c c i n s i d e r  g i m b a l l i n g  G r  r s d u n d a n t  sets of 

t u r b o m a c h i  17er;/, whi c:h woul d a d d  a t  1 il.a%s-t i Q  KG/K:!Ae t m  t h e  

r .  5 y = . t e m  ,- m a ~ . ~ .  Those c i e r i s i s n s  wcti-!l d have . t u  b e  made a f t e r  a 

irilzire d e t a i l e d  s t u i j y  od the space s t a t io r i ' s  a t t i t u d e  ( e a r t h  ar 

Sw-1 p o i n t i n g )  a n d  t - E l i a h i  l i t y  r e q u i r e m e n t s .  

I-!CikJk2VeiF , t h e r e  a r e  5t.i 11 some + i n e  p o i n t s  t o  cclrisi delc. 

'The c o n c e p t  c r f  t h e r m a l  s toraqe t u b e s  was t e s t e d  b y  L e w i s  

?;:...search c'm-lter E l l ,  a l b e i t  w i t h  d i f f e r e n t  materials. , T h e i r  

qnal c9a.s t n  a c h i e v e  a 3a.5 w o r k i n g  tempEr5.ti-w-e of  1C)4(? k:: 

t h r o c r q h o u t  a n  i l r b i  t a l  p e r i o d .  T h e  g a s  t e m p e r a t u r e  v a r i e d  f r o m  

26 K a b o v e  t o  18 t< b e l o w  -the n o m i n a l  t e m p e r a t u r e ,  d u r i n Q  

s i m i l a t e d  , o r b i t a l  p e r i o d s .  T h e  t u b e s  were c o n s t r u c t e d  f r o m  

col i j .mbium - 1% z i r c o n i u m  a n d  w e r e  filled w i t h  L i F ,  w h i c h  

rele..ises 1045 1.::5/1.::3 a t  1121 K .  T h e s e  tube!s were t e r s t e d  f o r  

1251 Eun - s h a d e  c y c l e s  w i t h  n o  real  p r o b l s m s  o t h e r  t h a n  some 

local d i s t o r t i o n s  i n  t h e  o u t e r  t u b e  c o n v o l u t i n n s .  T h i s  wa:s 

p r o b a b l y  a cnmbined e - f f e c t  of g r a v i t y  and a 30% c h a n g e  i n  

v t ~ l ~ m e  d u r i n g  t h e  change o f  phase. T h i s  p r o b a b l y  w o u l d  n o t  

have  o c c u r e d  i n  C! g r a v i t y .  I n  s h o r t  t h a t  p r o g r a m  w a s  

s!-u:ce._;s.ful I I n  my p a r t i c u l a r  a p p l i c a t i o n ,  t h e  t u b e s  are b u i l t  

of silicon carbide, a n d  the e n e r g y  s t a r a q e  is a c c ~ m p l i s h e d  
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A d d i t i o n a l l y ,  si 1 i c m  I-:nderqoes i m l y  a n  8 p e r c e n t  vol i .~i i te  

t h e  f i r s t  a n a l y s i s  t h e  lcrng t e r m  c o r n p a t a b i l i t y  o f  s i l i c o n  

r a r b i  d e  with hot si  1 i con s h o u l  d n o t  p r e s e n t -  a n y  p r o b l e m s ,  h u t  

t h e r e  is n o  h a r d  d a t a  t o  v e r i f y  . t h i s  a s s u m p t i o n .  

A n a t h e r  a r sa  t h a t  needs t o  b z  v e r i f i e d  is t h e  c l G r a b i l i t y  

of c a r b o n i c a r b s n  t u r b i n e s  a t  t e m p e r a t u r - e  and s p e e d .  Althocl .gh 

-the e n v i r o n m e n t  1.3 b e n i g n  w i t h  almost n o  . t .hermal  c . z / c l I n g ,  

thr-se t u r b i n E s  a re  sti 11 e:::pEr-iirienta.l A s  5;tated ear- l ier ,  

- t h e y  have t e e n  t e s t e d  t o  2:X!(l 1.1 and to 72(:) r l / ~ .  These r e C ; u l t 5  

C121 are e n c o u r a g i n g ,  but d e f i n i t i v e  d e s i g n  d a t a  is n o t  yet 

avai 1abI . e .  

T h e  a1 t e r n a t o r  , e v e n  w i t h  a n  a:ss~ur!cx4 e f f i c i e n c y  o f  SOX, 

is  g o i n g  t o  p r o d u c e  lGl-:::w o f  h e a t  .fer a n  e l e c t r i c a l  o u t p u t  of 

?'I) KWe. T h e r e f  cre? a1 terriatar cciol i ng c a n n o t  tie i cjnorerrt. 

I n j e c t i n g  c o o l e d  gasses ( H e  1 i n  t h e  a l te rna tor  h o u s i n g  i s  

a so l  u t i  on bcit  w i n d a g e  1 o!sses c o u 1  d b e c o m e  si g n i  f i cant .  The 

inass o f  t h i s  o t h e r  c o o l i n g  s y s t e m  w o u l d  t h e n  h a v e  ti) b e  

a c c o u n t e d  f o r .  S i n c e  a l l  nf t h e  m a c h i n e r y  rotates; on a common 

s h a f t ,  a n o t h e r  s o l u t i o n  c o u l d  b e  e n v i s i o n e d .  Hea.t p i p e s  could 

be rou ted  f i -om t h e  wl n d i  n g s  t h r o u g h  t h e  h a 1  l o w  s h a f t ,  t h r o u g h  

t h e  c o m p r e s s o r  face, a n d  u l t i m a t e l y  sin!:: t . h e i r  h e a t  load i n t o  

t h e  i n r o m i n g  compre!z.sc)r strea.m. C a r e f  1-11 d e z i  g n  w a u l  d h a v e  t o  

i n s u r e  t h a t  t h e  vapcrr p re scw-e  a t  t h e  e v a p o r a t o r  c o u l d  

o v e r c o m e  .the l oca l  c e n t r i f u g a l  f o r c e ,  bci t  . t h i s  s a m e  f o r c e  

w o u l d  a z s i s t  i n  t h e  r e t u r n  c f  t h e  condenssed  v a p o r  t h r o u g h  t h e  
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,- a..-al y4 i r rg  r e q u i r e m e n t s  a r e n ' t  s e ' v e r e .  Nati-iral l y ,  t h e  system 

r-rm-tld h a v e  t o  b e  r e - o p t i m i z e d  f a r  a comprec,r-,or i n l e t  

c - r m p e r a t u r e  .- t h a t  w o u l d  b e  sane 2% t::: w a r m e r .  

A n r j t h e r  p i v o t a l  t o p i c  is t h e  s ~ s . 1 ~  t h a t  i s o l ? . t e  t h e  

~ z i n p r ~ c , ~ o r  a n d  t u r b i n e  f r o m  t h e  a l t e r n a t o r .  These seals 

s h o u l d  h a v e  no p r a b l c r n  d e a l i n g  w i t h  t h e  p r e z s u r e s  i n  t h e  

r o t a t i n g  m a c h i n e r y .  a u t  t h e i r  d e s i g n  would have ti:, m i n i i n i z e  

i~ak. ;  over a t e n  y e a r  l i f e  a t  v e r y  h i g h  temperatur-Fc,. No 

a t t e m p t  was malde ti> look i n t o  t h i s 5  S L t t s j e c t ,  b u t  i t  n e e d 5  t o  

be a d d r e s s e d  i f  t h i s  c o n c E p t  is ever t a k e n  t o  a iTiore c o m p l e t e  

d e 5 i  gn - 
Mnf m r t u n a t e l  y,' t h e  c a p a b i  :l i t y  o f  a c h i e v i n g  a t  1 east  a 

ha . l f  of a d e g r e e  p o i n t i n g  a c c u r a c y  f o r  the c o l l e c t o r  n e e d s  t o  

his looked a t  Ina re  s e r i o u s l y .  T h i s  c o n c e r n  ties i n  with t h e  

r es t  o f  t h e  d e s i g n  of t h e  space p l a t f o r m .  D o c k i n g  

p e r t u t - b a t i o n ~ . ,  s h i f t i n g  masses a n d  t h e  q u a l i t y  o f  t h e  

a t t i t u d e  c o n t r o l  a l l  a f f e c t  t h e  p o i n t i n g  a c c u r a c y  

r e q u i r e m e n t .  T h e r e  a l s o  w i  11 h e  some c o n t t n u o u s  e x p e n d i t u r e  

o.f E n e r g y  i n  o n e  f o r m  o r  a n o t h e r  t o  meet t h i s  c r i t e r i o n .  T h e  

c i 3 , ~ i p l e t ~  i m p a c t  o f  t . h i  s c o n c e r n  nmxis f u r t h e r  r e s e a l - c h .  

The s ; u b j e c t  o f  mirror r3w-f ace q u a l i t y  d e g r a d a t i o n  

t h a t  a t h i n  c o a t i n g  o f  q u a r t z  m i g h t  h a v e  t o  b e  a p p l i e d  t a  - t h e  

mirror- s u r f a c e  t o  p r o t e c t  i t  + r m m  f r e e  o x y g e n  i n  low e a r t h  
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orbit-,. I f  t h i s  system i s  u s e d  ti1 pol..rer a low t h r u s t  o r b i t a l  

t r a n c . f e r -  v e h i c l e  t h a t  ope r3 te s  b e t w e e n  LEO a n d  GErJ, i t  w i l l  

ha.ve t o  t r a v e r s e  t h e  Van F i l l e n  r a d i a t i o n  b e l t s .  I t  is 

h i g h  e n e r g y  p r o t o n s .  E i t h e r  a l a b o r a t o r y  e x p e r i m e n t  o r  a 

i l i g h t  test  m i g h t  h a v e  t o  be c o n c l u c t e d  t o  f u l l y  q u a n t i f y  t h i s  

e- i f ec t .  

A s  d i s c u s - s e d  earl ier the r a d i a t a r s  a r e  c o n s t r u r t e d  o u t  

mol ybdenum a n d  c i  r-cu.1 a t e  a csol  a n t  composed uf  = o d i u m  a.nd 

needs t o  b e  c h e c k e d  a n d  e v a l u a t e d  over 3. m i s s i m  l i f e t i m e .  I f  

i t  s h o u l d  p r o v e  u n a c c e p t a b l e ,  some o t h e r  material  w i l l  h a v e  

t c r  b e  c h o s e n  ( s t a i n l e s s  s t ~ e l  +lzr t h e  t u b e  and + i n  

mater ia l  and t h e  r a d i a t o r s  r e d e s i g n e d .  S t a i n l e s s  i.5 a worc,s 

c o n d u c t o r  o f  h e a t ,  so the  r a d i a t g r  mass would h a v e  t o  

i i-icrease. 

I n  g e n e r a l  t h e  n i g h  t e m p e r a t u r e  so l a r  E r a y . t o n  spare 

p o w e r  system i 5  a s i m p l e ,  r e l i a b l e  concept  t h a t  d o e s  n o t  

s u f f er f: I- o m  i n 5 u r  (Ti o u n t 1 e t e c h n o 1 0 9 i c a 1 d i f f i cul t i  es. 

A l l  o f  t h e  p o t e n t i a l  p r o b l e m s  a d d r e s s e d  a b o v e  c a n  b e  r,olvEd 

w i t h  a minimi-tm of E f f o r t  a l o n g  w i t h  a. be t t e r  1 - w i d e r s t a n d i n g  o f  

t h e  p o w e r  s y s t e m ' s  i n t e g r a t i o n  w i t h  t h e  l a r g e r  s y s t e m .  T h e  

a u t h o r  f e e l s  t h a t  t h i s  s y : s t e m  has a d e f i n i t e  n i c h e  i n  t h e  

p o w e r  o p t i o n s  b e i n g  c o n s i d e r e d  f o r  t h e  179':) 's. 
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- i h i s  a p p e n d i x  1ist.s . t h e  v a t - i o ~ s  p a r t i a l  der iva t ives  a+ 

eqi- i .a t ion €3 i n  s e c t i o n  b.2 t h a t  a re  usEd i n  any o p t i m i z a . t i o n  

a . l g o r i t h i n .  i3ne l zm s t a r t  by t - e c a a t i n g  e q ~ . ~ a t i o n  8 w i t h  a 

change of v a r i a b l e . 5 .  L e t  

Ca.n s t a r t  by c a m p c i t i n g  d (R/Nzj;) /dw: Fot- c l a r i t y ?  t h e  

o p e r a t i o n  is shown i n  p i e c e s .  - -  

T h e  d e r i v a t i v e  of t h e  i n t e g r a l  becomes 

I w ( 1 + --- g Tb ) 
'C 5 

c 
d w ( 1 + --- 3 -rb 

5 

O r  si mpl i .f y i  ng 
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! 

A d d i t i E n a l l y ,  t h e  d e r i v a t i v e  o f  t h e  f i r s t  p a r t  nf [ A 2 1  is 

R e w r i t i n g  E A 2 1  i n  terms OS C A S 1  a n d  E A 4 1  

T h i s  last e q u a t i o n  c a n  b e  s i m p l i f i e d  o n e  s t e p  f u r t h e r .  So t h e  

e q u a t i o n  f o r  d !B/Ns) /dw b e c o m e s  

Next on t h e  l ist  t o  f i g u r e  is d(ii!.iNs),'cll. T h i s  d e r i v a t i v e  i s  

a b i t  more i n v o l v e d  s i n c e  [ A l l  is b e i n g  i n t e g r a t e d  over a 
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n o r m a l .  i z e d  i e n g t h .  A s  b e f  u re7  

c Ab 1 

I f  ans f u n c t i o n a l l y  r e w r i t e s  t h e  d e r i v a t i v e  of  t h e  i n t e g r a l  

a.tlove as 

. z  1 

L L 
d z w h e r e  z = --- and (-Jz = --- 

'Then LA71 becomes 

Z 1 

L L 
I f :--- ,L) --- d Z  -- 
I 
r' 
jl: d L  

1 

C A7 1 

CRSl 

E x p a n d i n g  t h e  term i n s i d e  t h e  i n t e g r a l  o n e  o b t a i n s  

T h e  s u b s c r t p t  next  t o  t h e  p a r t i a l s  i n d i c a t e s  w h i c h  v a r i a b l e  
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_& ; .- =. t r e a t e d  a c o n r , t a n t .  IZarrvirrg out the i n t e g r a t i o n  ans' 

a b t a l  n5 

S u b s t i t u t i n g  t h i s  e x p r e s s i o n  i n t o  C A 8 1  r.ri I 1  % r a n s + o r m  CA7! 

i n t n  the p r a p e r  f o r m  of 

S u b s t i t u t i n g  i n  a l l  . t h e  p r o p e r  v a r i a b l e s  f o r  C A S ] ,  me g e t s  

Natz t h a t  t h i s  l a s t  e : : p r e s s i o n  o n l y  takes care  a+ t h e  f i r s t  

l i n e  of CA61.  T h e  l a s t  d e r i v a t i v e  o f  Ckll t h a . t  n e e d s  t o  be 

foc!nd is d!Q/Ns) /dh. E l i m i n a t i n g  t h e  l e n g t h y  a . l e b r a ,  VWIE? 

a r r i v e s  a t  

T o  cotmpl ete t h e  a n a l  ysi 5,  t h e  same !sequence oi- d e r i  v a t i  ves i E; 

rreedecl f a r  e q n .  C l l l  i n  s e c t i o n  6 .3 ,  w h i c h  i s  t h e  i.:.:pression 

f f i r  t.he t o t a l  r a d i a t o r  v o l u m e .  T h e s e  a r e  q u i t e  si iTlply 
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